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Granulation is often used as a size enlargement unit operation in various solid handling and
powder processing industries such as pharmaceuticals, foods, detergents, catalysts, and
particulate chemicals. Granulation helps to mitigate issues related to poor flowability, dust
hazards, and powder segregation. Traditionally, granulation has been performed in the batch
mode of operation. More recently, the United States Food and Drug Administration is
encouraging manufacturers to adopt continuous processing due its several advantages over batch
manufacturing. Twin screw granulation is therefore becoming increasingly relevant due to its
compact size, continuous and robust mode of operation, flexible and customizable design, and
flexible production capacity.
Wet granule breakage is reported to be a key rate process in twin screw granulation and is also
the main mechanism for controlling granule size within the granulator. This dissertation is the
first study to explicitly measure the influence of material properties, process conditions, and
screw element geometry on the breakage process in the twin screw granulator (TSG). Novel
breakage isolating experiments were performed at various screw speeds and powder feed rates
using model granules having a wide range of material dynamic yield strengths (DYSs) in
conveying and distributive mixing element screw configurations. The process parameter
dependence was quantified using the dimensionless powder feed number. Daughter size
distributions and survivor pellet shape visualization was used to infer that the breakage
mechanism in conveying elements (CE) is primarily edge chipping whereas in distributive
mixing elements (DME), breakage is a combination of chipping and crushing. The maximum
size of granule that could remain unbroken (3.49 mm for CE and 3.18 mm for DME) was
determined by the largest available gap size in the element as measured by an analysis of the
screw elements’ open volume geometry. Below the maximum size, breakage probability varied
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inversely with granule strength up to 9 kPa, and directly with the powder feed number. For
granules stronger than 9 kPa DYS, breakage characteristics are independent of formulation
properties and process conditions, and depend only on screw element geometry. This helps
explain why twin screw granulation is more robust with respect to formulation changes
compared to high shear wet granulation.
Implications for using the results for both optimizing screw element design and calculating
kinetic parameters for population balance modeling are discussed. Preliminary breakage rate
process models were formulated based on the experimental data obtained from the breakage
isolating experiments. A modified Weibull breakage kernel was used to fit the breakage
probability data for the 3 mm pellet breakage in CEs and 3 mm and 2 mm pellet breakage in
DMEs. Consequently, a piecewise breakage probability model as a function of granule size is
proposed for conveying and distributive mixing elements. The daughter size distribution data
was fitted by using a one parameter power law model for both CEs and DMEs.
The conclusions from the breakage isolating experiments were validated by performing wet
granulation experiments using industrially relevant powder formulations. The influence of
pharmaceutical formulation characteristics on granule properties formed using CEs and DMEs in
twin screw granulation were examined. High and low drug dose formulations with three different
active pharmaceutical ingredients (APIs) were considered. The type and concentration of the API
in the formulation significantly affected the dry blend particle size distribution and the wet blend
dynamic yield strength. However, despite the differences in blend properties, the granule size
distributions in DMEs were not significantly affected by the type of API used. The granule size
distributions in DMEs were solely functions of the liquid-to-solid ratio and the screw element
geometry. However, the granule porosities were observed to be dependent on both the liquid-tosolid ratio and the dynamic yield strength of the blends.
The granule size distributions in CEs were a strong function of the liquid-to-solid ratio, screw
element geometry, and material DYS. A CAD geometry analysis of the free volume in the
granulator revealed that there is a direct quantitative correlation between the screw geometry and
the maximum size and aspect ratio of the granules obtained using conveying elements.
Conveying element geometries with different pitch lengths were 3D printed to generate cost-
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effective prototypes of the designs. Wet granulation experiments were performed using the 3D
printed designs to test the hypothesis that the correlation between the granule shape and
maximum granule size and the screw element geometry is predictable a priori. The feasibility of
3D printing method for fabricating new screw element designs is examined. Quality-by-Design
strategies and scale-up criteria for twin screw granulation are discussed.
The influence of differences in formulation wettability for CEs and DMEs were studied. High
drug dose formulations with and without a hydrophobic additive were considered for wet
granulation in the two screw geometries. It was observed that the low shear CEs do not cause
significant liquid redistribution, and differences in powder wettability are reflected in the granule
properties. However, DMEs cause significant granule breakage resulting in efficient liquid
redistribution, and no differences were observed in the granule properties for hydrophilic and
hydrophobic formulations. These results suggest that breakage mechanisms strongly influence
the effect of the raw material properties on the final critical quality attributes of granules.
The work in this dissertation highlights the importance of rate-process specific fundamental
experiments and relevance to real powder formulation behavior in twin screw granulation.
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1. INTRODUCTION

1.1

Background

Fine powders present several processing challenges such as flowability issues, segregation, dust
hazards, and difficulties in downstream processing [1,2]. One of the methods to alleviate these
challenges is particle size enlargement by powder granulation. Wet granulation is a widely used
method for particle size enlargement of powders, and involves addition of a liquid binder to the
powder, followed by agitation of the powder-liquid mass to produce granules with controlled
physical properties [1].
Wet granulation can be performed as a batch or a continuous unit operation. Continuous
granulation is preferred over batch granulation methods for several reasons such as better process
control, variable production capacity, large material throughput, and smaller equipment footprint.
There is a vast variety of granulation equipment designed for either types of operation, and the
choice of equipment depends upon the desired product design [1].
An effective product design requires a good understanding of the following [1]:
1. Granulation rate processes that govern the product properties
2. Influence of formulation and equipment parameters on the product attributes
The work presented in this dissertation focuses on continuous Twin Screw Wet Granulation,
specifically addressing both the points mentioned above. This fundamental understanding
provides the potential benefits of improved control over granule attributes, reducing the recycle
stream load, and the ability to achieve predictable particle design, thereby contributing to more
efficient solids processing.

1.2

Wet Granulation Rate Processes

Wet granulation is a complex process comprising of several sub-processes that often occur
simultaneously in the granulator. These sub-processes are termed as rate processes, as they
govern the overall rate of granulation (Figure 1.1). There are three main rate processes that occur
in any wet granulation operation [1,3–6]:
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1. Nucleation and wetting: This is the first step of any wet granulation process, where the
powder and the granulating liquid make contact, resulting in the formation of loose wet
agglomerates called nuclei. The formulation properties, drop size distribution, and the
powder recirculation time within the nucleation zone strongly govern the regime of
nucleation, and subsequently, the granule properties.

2. Coalescence, layering, and consolidation: When two wet granules or nuclei collide
against each other, they may stick together to form a larger granule. This process is
termed as coalescence. The presence of the granulating liquid on the surface of the
colliding granules is important for coalescence to occur. The wet granules or nuclei may
come in contact with un-wet powder in the granulator, leading to coating of the powder
on the wet granule surface, which is termed as granule layering. Coalescence and
layering result in the formation of a larger granule, and hence, are granule growth
processes. Collision or compression of a wet granule or nucleus can also result in granule
densification, which controls the final granule porosity. This process is called granule
consolidation.

3. Wet granule breakage: The stresses in the powder bed result in deformation of the wet
granules which can lead to wet granule breakage. Breakage results in formation of
smaller granules, and is an important process that affects liquid distribution and granule
size control in several granulation processes.
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Figure 1.1 Rate processes in Granulation: a) Nucleation and Wetting b) Breakage and Attrition c)
Consolidation and Coalescence. Adapted from Litster and Ennis 2004 [1].
1.3

Twin Screw Wet Granulation

There has been an increasing impetus in the pharmaceutical industry to adopt continuous
manufacturing practices over conventional batch processing methods, due to the several
advantages of continuous manufacturing, as discussed in Section 1.1. Additionally, the United
States Food and Drug Administration (US FDA) has recommended using principles of Qualityby-Design and Process Analytical Technology in pharmaceutical industry, for improved
manufacturing efficiencies and effective risk mitigation [2,7].
The Twin Screw Granulator (TSG) is adapted from the twin screw extruder design by removing
the die plate at the exit, resulting in porous, granulated material [8,9]. The TSG is being
increasingly considered for continuous manufacture of pharmaceutical products due to its
compact size, flexible design, wide range of capacities, and short residence time. The TSG
consists of two co-rotating screws encased in a removable and segmented barrel top, with inlet
ports provided for powder and liquid feed. Figure 1.2 shows the two screws and the powder and
liquid inlet ports in a TSG.
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Figure 1.2 Images of a Twin Screw Granulator showing a) powder and liquid feed ports in the
barrel top b) the two screws within the barrel.
The screws consist of removable screw elements that are assembled over the screw shaft. The
screw elements are available in different geometries such as conveying elements, kneading
elements, distributive mixing elements, and distributive feed screw, as shown in Figure 1.3.
Formulation properties and process parameters largely affect the granulation rate processes in
twin screw granulation, which influence the critical quality attributes of granules such as the
granule size distribution, granule shape, and porosity [10]. The primary process parameters of the
TSG are powder feed rate, liquid feed rate, screw speed, liquid addition method, screw geometry,
and screw configuration, and have been studied considerably in the literature. Effect of
formulation properties such as primary particle size distribution, binder viscosity, and surface
tension on the final granule properties have been studied to some extent in twin screw
granulation [11–23].

Figure 1.3 Images of a) Conveying elements, b) kneading elements, c) distributive mixing
elements, and d) distributive feed screw.
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Whilst the research in the area of twin screw granulation has helped developed insights into the
dependence of granule properties on formulation and process parameters, the understanding is
largely dependent on extensive lab scale experimentation. The process is still treated as a blackbox, and predictive understanding of twin screw granulation is currently in its infancy. There is a
need for fundamental understanding of the granulation mechanisms in twin screw granulation, as
well as a large potential for developing models for scale-up and process understanding.
Nevertheless, TSGs are an attractive method for continuous wet granulation and particle design,
and are being increasingly implemented in the industry, with heavy emphasis on further
developing this emerging process.

1.4

Organization of Thesis

Chapter 2 presents the literature on the basics of rate processes in wet granulation and the key
studies in twin screw granulation focused on formulation properties, process parameters, screw
geometry, scale-up, and population balance modeling. Furthermore, the significance of the
studies presented in this work and the research objectives of this thesis are presented. Chapters 3
through 7 address the specific research objectives listed in Chapter 2. Chapters 3 and 4 are
focused on understanding the primary granulation mechanisms in conveying element and
distributive mixing element geometries in twin screw granulation, respectively. The experimental
studies designed for understanding the breakage rate process, and the breakage mechanisms in
conveying and distributive mixing elements are discussed. Chapter 5 is focused on model
development for granule breakage in conveying and distributive mixing elements. The
experimental validation of the conclusions of Chapters 3, 4, and 5 for industrially relevant
formulations in distributive mixing elements and conveying elements is provided in Chapters 6
and 7, respectively. Chapter 7 also discusses the implications of this work on Quality-by-Design
in continuous wet granulation, and strategies for achieving tailored granule properties are
presented. Chapter 8 discusses the influence of powder-binder wettability differences in
conveying and distributive mixing elements. Finally, concluding remarks are provided in
Chapter 9 and suggestions for future work are given in Chapter 10.
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2. LITERATURE REVIEW AND THESIS OBJECTIVES

2.1

Granulation Rate Processes

Since the wet granulation rate processes govern the final granule attributes within any
granulator- batch or continuous (Sections 1.1 and 1.2), it is important to study the rate processes
in further detail. A considerable amount of literature has been focused on identifying and
quantifying the wet granulation rate processes in different granulators, and developing the
fundamental theory of granulation [3,6,24–43]. The following sections will summarize the key
features of the wet granulation rate processes relevant to this work.
2.1.1 Nucleation and Wetting
Nucleation is the first rate process in any wet granulation operation, where the powder and the
liquid binder come in contact. The rate process of nucleation results in a distribution loosely
packed powder particles in binder liquid, called nuclei. As only the surface liquid takes part in
the granulation process, it is important that the particle surface be adequately wet by the liquid
binder. Wetting and nucleation process thus depends on the powder and binder wetting
thermodynamics and kinetics, and the ratio of the powder and liquid flux in the liquid inlet zone
of the granulator [4,5].
Nucleation of the powder bed with the liquid binder is a strong function of the powder Sauter
mean diameter, powder bed porosity, binder viscosity, surface tension, and contact angle [4,5].
The effects of formulation properties on nucleation have been characterized using the drop
penetration time in a powder bed, modeled using the relation [1]:
2/3

𝑡𝑝 = 1.35

𝑉𝑑

𝜇

2 𝑅
𝜀𝑒𝑓𝑓
𝑒𝑓𝑓 𝛾𝐿𝑉 𝑐𝑜𝑠𝜃

Eq. (2.1)

where, tp is the drop penetration time, µ is the liquid dynamic viscosity, εeff is the effective bed
porosity, Reff is the effective bed pore radius, 𝛾𝐿𝑉 is the liquid surface tension, θ is the solid-liquid
contact angle, and Vd is the volume of the penetrating drop. The parameters Reff and εeff are given
by [1]:
𝑅𝑒𝑓𝑓 =

𝜑𝑑3,2

𝜀𝑒𝑓𝑓

3

1−𝜀𝑒𝑓𝑓

Eq. (2.2)
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𝜀𝑒𝑓𝑓 = 𝜀𝑡𝑎𝑝 (1 − 𝜀 + 𝜀𝑡𝑎𝑝 )

Eq. (2.3)

where, 𝜑 is the particle sphericity, d3,2 is the Sauter mean diameter, 𝜀 is the loose packed powder
bed voidage, and 𝜀𝑡𝑎𝑝 is the tapped powder bed voidage. The drop penetration time can be nondimensionalized by the powder recirculation time in the liquid inlet zone.
The effects of process conditions are captured by the dimensionless spray flux, defined as the
ratio of the wetted area coverage to the area flux of powder through the spray zone. The
dimensionless spray flux 𝛹𝑎 is given by [1]:
𝛹𝑎 =

3𝑉
2𝐴𝑑𝑑

Eq. (2.4)

where V is the volumetric spray rate, A is the area flux of the powder in the liquid inlet zone, and
𝑑𝑑 is the drop diameter.
The nucleation regime map (Figure 2.1) defines three different regimes based on the nondimensionalized drop penetration time and the dimensionless spray flux [3,4]. The drop
controlled regime occurs when both the variables are less than 0.1, and is ideal for a narrow size
distribution of granules, as one drop forms one granule. In the mechanical dispersion regime, the
mixing characteristics will determine the final granule properties. Significant changes to the
nucleation process are observed only if the system changes the nucleation regime.

Figure 2.1 Nucleation regime map. Adapted from Litster and Ennis 2004 [1].
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2.1.2 Breakage and Attrition
As the nuclei and wet granules collide with other granules and surfaces in the granulator, they
undergo deformation that can result in breakage [1,44]. Breakage could mainly result from three
types of mechanisms: impact, compression, and shear. Breakage of a wet granule depends on the
resistance of the material to deformation, defined by the material dynamic yield strength (DYS)
[27,29]. The DYS of the granules depends on the binder viscosity, binder surface tension,
powder-binder contact angle, powder Sauter mean diameter, granule porosity, liquid pore
saturation, and the strain rate in the granulator [1].
The criteria defined for breakage is based on the Stokes deformation number. The Stokes
deformation number is the ratio of the impact kinetic energy to the plastic energy of deformation
per unit strain. Larger the Stokes deformation number, weaker is the granule, and it will be more
susceptible to deformation. The Stokes deformation number in a high shear granulator is defined
as:
𝑆𝑡𝑑𝑒𝑓 =

𝜌𝑔 𝑈𝑐2
2𝑌

Eq. (2.5)

Where, 𝜌𝑔 is the granule density, 𝑈𝑐 is the characteristic impact velocity, and 𝑌 is the dynamic
yield strength of the wet granular material.
Breakage will occur if the Stokes deformation number is greater than a critical Stokes
∗
deformation number for the system 𝑆𝑡𝑑𝑒𝑓 > 𝑆𝑡𝑑𝑒𝑓
[45]. The critical Stokes deformation number

has been reported differently by different authors, primarily due to arbitrary choice of impact
velocity [14,41,45]. Rigorous model development for breakage is essential for accurately
predicting the granule properties using Population Balance Modeling. There have been several
attempts to develop breakage models in the literature based on correlations and first principle
models. Many such breakage models have been summarized [46,47]. Characterizing breakage
phenomenon has been challenging, particularly because of the complex rheology of the wet
granules when subjected to a deformation stress. The breakage process in granulation still needs
increased understanding of the process.
2.1.3 Coalescence and Consolidation
As described in Section 1.2, coalescence causes granule growth and consolidation leads to
densification of granules. The collision of wet granules against other granules or the granulator
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surfaces leads to granule consolidation and growth. These mechanisms result in the deformation
of the nuclei and granules in the granulator, and are a result of an interplay of three main forces:
viscous dissipation, surface tension, and interparticle friction [1]. Several growth and
consolidation models have been constructed using Stokes deformation number as the primary
parameter representing the granule deformation, which incorporates the dependence on process
conditions and formulation properties [36,37,48–50].
A growth regime map for high shear wet granulation has been presented in the literature, to
predict the type of granule growth that will occur, based on formulation properties and process
conditions [24,31]. The granule growth regimes are defined based on two dimensionless numbers,
the pore saturation of the granules and the Stokes deformation number. The maximum pore
saturation of a wet granule is given by:
𝑠𝑚𝑎𝑥 =

𝑤
( 𝐿⁄𝑤𝑆 )𝜌𝑠 (1−𝜀𝑚𝑖𝑛 )
𝜌𝐿 𝜀𝑚𝑖𝑛

Eq. (2.6)

where 𝑤𝐿 is the mass of liquid, 𝑤𝑠 is the mass of solid, 𝜌𝑠 is the true density of solid, 𝜌𝐿 is the
liquid binder density, and 𝜀𝑚𝑖𝑛 is the minimum granule porosity.
The maximum extent of consolidation or the minimum porosity is also a function of formulation
properties and process conditions. Consolidation causes the air and liquid inside a wet granule to
be squeezed out to the granule surface. Hence, after consolidation, the wet granules can further
grow by coalescence with other wet granules, or layering of fine powder on the outer wet surface.

2.2

Twin Screw Wet Granulation

The twin screw granulator design is adapted from twin screw extruders, which have been widely
used in the polymer and food industry. The twin screw extruder has a die plate at the exit, which
results in high pressure extrusion of the wet mass, giving dense agglomerates. It was found that
removal of the die plate results in the formation of higher porosity granulates, and could be
effectively used as a continuous pharmaceutical granulation process [9,22,51,52]. Since then,
there has been an increased interest in conducting research in twin screw granulation to
understand the granulation process in this granulator. As mentioned in Section 1.3, a twin screw
granulator consists of two intermeshing co-rotating screws enclosed in a barrel. The screws used
in a twin screw granulator are segmented, and are available in several types of screw elements as
shown in Figure 1.3.
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A Twin Screw granulator is very unique, in that, it has a “regime separated” design [53]. Since
the granulator is divided into several separate zones, the nucleation can be separated from the
other rate processes. This regime separated operation simplifies the understanding of the wet
granulation rate processes and their influence on the final granule attributes. It has been shown
that a TSG operates in the mechanical dispersion regime, and nucleation and breakage are
important rate processes for effective liquid distribution [18]. The following Table 2.1
summarizes the key formulation properties and dimensionless groups for nucleation and
breakage of wet granules.
Table 2.1 Summary of the important formulation properties and dimensionless groups for the
nucleation and breakage rate processes.
Rate process

Key formulation properties

Key dimensionless groups

Nucleation

𝜇, 𝛾, 𝜃, 𝜑, 𝑑3,2

𝜏𝑝 , 𝛹

Breakage

DYS = f ( 𝜇, 𝜀, 𝛾, 𝜃, 𝑑3,2 , 𝑠, 𝑣)

𝑆𝑡𝑑𝑒𝑓

The following section will give a brief review of the literature in twin screw granulation with
respect to each key rate process described in Section 2.1.
2.2.1 Nucleation in Twin Screw Granulation
2.2.1.1 Effect of Binder Addition Method
The method of addition of the polymeric binder to the granulator considerably affects the final
granule attributes [18]. Effective binder distribution is achieved when the binder is pre-dissolved
in the liquid phase, resulting in smaller mass fraction of fines, and narrower granule size
distribution [18,54]. This result has been attributed to the larger time scale required for the solid
binder to fully solubilize and distribute in the powder mass, in comparison to the short residence
time of the TSG. Binder addition via single vs dual liquid injection ports has been explored and it
was found that liquid injection via two ports instead of one improves the liquid distribution in the
granulator [18,55,56]. Since the TSG operates in the mechanical dispersion regime, spreading the
liquid addition across multiple injection ports decreases the dimensionless spray flux, thus
improving the liquid distribution in the granulator. Recent works in the area of twin screw
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granulation have reported the use of twin screw foam granulation, where the foam allows for
increased powder-binder contact area, which improves the liquid distribution in the granulator
[23,57–60]. The applications of twin screw melt granulation have been studied to some extent in
the literature, but the use of melt granulation for controlling the nucleation regime in the TSG
largely remains unexplored [61–63].
2.2.1.2 Effect of Screw Geometry and Process Parameters
Conventionally, conveying elements have been used in the nucleation zone to transport the
nuclei to the downstream screw elements for mixing and liquid redistribution. However, the use
of kneading elements in the liquid addition zone to achieve good liquid distribution during
nucleation has been examined in the literature [56,64]. Using a liquid feed port directly above the
kneading elements results in heavy pressure build-up, causing jamming and periodic surging of
the material in the granulator [56]. A possible reason proposed for this behavior is the paste
formation in the kneading elements, which resists flow and causes a significant pressure drop in
the liquid addition zone of the granulator.
Nucleation rate process models for population balance modeling of the TSG are still in their
infancy. Currently, there is only one report that has considered the effect of the screw speed in
the nucleation rate model [65]. The authors have suggested that as the screw speed increases, the
number of conveying element flights that sweep past the nucleation zone per unit time increases,
consequently decreasing the effective volume of liquid per flight for the same liquid flow rate
[66].
2.2.1.3 Effect of Formulation Properties
The effect of formulation properties on wetting and nucleation in twin screw granulation has
been studied extensively by several authors in the literature. The formulation properties can be
divided into powder properties and liquid binder properties.
Powder properties
The dependence of granule characteristics on the powder properties has been studied to a certain
degree in the twin screw granulation literature. The primary particle sizes in the formulation
have been shown to have a subtle effect on granule size distribution in kneading elements and is
worth studying in further detail, as this result is unique to TSGs [18,21]. In a multicomponent
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formulation, changing the wettability or the relative concentration of a certain component tends
to alter the powder-binder wettability of the entire formulation [23,55]. These differences are
reflected in the final granule size distribution if the wetting properties are altered significantly
[55]. Changing formulation wettability has no significant effect on the final granule size
distribution when foam granulation using kneading elements is used [23,59,60]. Certain
commonly used excipients, such as microcrystalline cellulose, have a tendency to absorb some
water within its structure. The water absorption capacity, which is closely linked to the
crystallinity of the cellulose, decreases the effective mass of liquid available for granulation (if
not compensated for) and results in a larger fraction of fines in the granule size distribution
[19,58].
There has been little study of the impact of formulation changes on granule properties related to
the nucleation rate processes, such as the drop penetration time. Therefore, it is essential to
differentiate the wetting behavior of different powders by careful experimentation in twin screw
granulation [7].
Binder properties
As described in Section 2.1.1, binder viscosity and surface tension have a significant effect on
the drop penetration time of the binder in the powder bed. Studies focused on binder properties
in twin screw granulation have shown that increasing the binder concentration in the liquid phase
results in a smaller mass fraction of fines and more uniform binder distribution throughout the
different granule sieve cuts, especially in kneading elements [18,54]. The surface tension of the
binder has no effect on granule size or shape in kneading elements, and the authors have
concluded that viscous forces in the kneading elements are far more dominant than surface
tension forces [12]. In conveying elements, increasing binder viscosity results in a more bimodal
granule size distribution with larger mass fractions of fines and large granules [14,64,67].
The above studies suggest that formulations with widely different wetting characteristics are
likely to show differences in liquid distribution. A twin screw granulator has a short residence
time and consequently, the nucleation rate is expected to have a significant effect on the granule
properties. Since nucleation in a TSG is separated from the other rate processes owing to the
regime separated deign of the granulator, differences in wetting characteristics are expected to
affect all the other downstream rate processes. Although attempts have been made to characterize
the effect of formulation and process parameters on nucleation, most studies are focused on wet
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granulation of multicomponent powder blends, with primary powder properties affecting all
three rate processes in TSG, making data interpretation difficult. Hence, careful experimentation
is needed in order to study the effect of formulation properties on the nucleation rate process, in
light of the fundamental theory of nucleation as described in Section 2.1.1.
Nucleation studies in twin screw granulator related to formulation properties have been
summarized in Table 2.2. Figure 2.2 gives a summary of nucleation studies in a twin screw
granulator.
Table 2.2 Effect of formulation properties on nucleation in twin screw granulation.

Formulation property

Effect on granule attributes
Powder Properties
Granule size distribution is insensitive to the

Primary particle size

primary particle size, in a kneading element
screw configuration

Contact angle

Increased mass fraction of unwetted powder
with larger contact angle
Binder Properties
As binder viscosity increases, granule size

Viscosity

distribution is more bimodal and liquid
distribution is heterogeneous across granule
sizes, in case of conveying elements

Surface tension

No significant effect on granule attributes

Nucleation in twin screw
granulator

Effect of binder addition

Effect of screw geometry

Effect of formulation

method

and process parameters

properties

Binder phase: Binder in

Screw Element: Kneading

Particle size: Granule size

liquid phase results in lesser

instead of conveying element

distribution is insensitive to

fines and more monomodal

in nucleation zone causes

primary powder particle size, in a

size distribution

pressure buildup

kneading element screw

Injection method: Improved

Screw speed: Hypothesized to

configuration

liquid distribution with liquid

affect the effective liquid

Contact angle: Increased mass

flow rate divided across

volume in each screw flight

fraction of unwet powder for

multiple injection ports

hydrophobic blends, when

Foam injection: Increased

granulated using aqueous binder

contact area with powder,

Binder viscosity: Larger mass

which improves liquid

fractions of fines and large

distribution

granules as binder viscosity is
increased
Figure 2.2 Summary of nucleation in Twin Screw Granulation.
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2.2.2 Breakage in Twin Screw Granulation
2.2.2.1 Effect of Process Parameters
The influence of process parameters on the final granule properties has been extensively studied
in the twin screw granulation literature. The main process parameters in a TSG are screw speed,
material feed rate, and liquid to solid mass ratio (L/S ratio). These will be discussed in brief in
the following paragraphs.
Effect of screw speed
Literature reports focused on understanding the effect of screw speed on granule properties have
shown that the screw speed has a minor influence on the granule size and density. There is a
subtle decrease in granule size with increasing screw speed [13,68], and a larger compaction of
the wet granular material in the TSG at smaller screw speeds [7]. Screw speed strongly
influences the residence time and fill level in the granulator, which are suggested to be the
primary reasons for the observed effects [7,10].
Effect of L/S ratio
L/S ratio is one of the most important factors affecting the granule size distribution and porosity,
and has been widely studied in the literature [12,15,18,53,69–71]. The main effect of the L/S
ratio on the breakage rate of wet granules is the dependence of DYS on the liquid pore saturation.
As discussed in Section 2.1.2, wet granule DYS is a strong function of liquid pore saturation, and
larger granule saturation results in smaller DYS due to increased deformability of material. The
sharp effect of the L/S ratio on the granule porosity and size distribution is due to increased rates
of coalescence and consolidation, as discussed in Section 2.1.3.
Effect of material feed rate
For the same screw speed, the material feed rate is directly proportional to the fill level in the
granulator. The interlinked effects of material feed rate and the screw speed on the granulator
free volume is captured by the dimensionless powder feed number (PFN):
𝑃𝐹𝑁 =

𝑚̇𝑝𝑜𝑤𝑑𝑒𝑟
𝜌𝑏𝑢𝑙𝑘 𝜔𝐷 3

Eq. (2.7)

where 𝑚̇𝑝𝑜𝑤𝑑𝑒𝑟 is the powder feed rate in the granulator, 𝜌𝑏𝑢𝑙𝑘 is the powder poured bulk density,
𝜔 is the screw speed, and 𝐷 is the screw diameter.
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For the range of formulations studied, the PFN does not have a statistically significant effect on
the granule properties [54,71]. In contrast, some reports have suggested that increasing the
material fill level in the granulator increases the mean granule size. They have suggested that
larger fill level in the granulator aids wet granule compaction [7,11,16]. As dense granules have
a larger DYS, they resist breakage, contributing to the above effect. To account for the increased
resistance to deformation with increasing fill level in the granulator, attempts have been made to
redefine the Stokes deformation number for the TSG, such that the redefined Stokes deformation
number decreases as the material feed rate increases [14]. However, additional studies are
required to further understand the above behavior.
2.2.2.2 Effect of Screw Configuration
Literature reports focused on understanding granulation using different screw designs have
shown that granule properties are sensitive to the screw element geometry. The breakage
mechanisms in the TSG are strongly dependent on the screw element design. The following
paragraphs present a summary of the literature studies pertaining to each element type.
Conveying elements (CEs)
Double flighted conveying elements (CEs) have two 180o offset flights helically rotated around a
central core. A typical double flighted CE is shown in Figure 1.3(a). CEs are predominantly used
in the powder and liquid inlet zones of the TSG, as they offer large free volumes for material
flow in the granulator. CEs are classified as low shear elements, and as their name suggests their
main role is material transportation. CEs result in a bimodal granule size distribution [14,64,67],
characterized by large, porous granules and a significant mass of fines. Furthermore, mass
fractions of fines and large granules in the size distribution increase when the pitch of the screw
elements is decreased [17]. The maximum granule size from CEs is a strong function of the pitch
of the screw [17]. Presence of CEs at the end of the screw after kneading element block is
reported to break down the larger granules, and promote granule layering [72,73]. The main rate
processes occurring in CEs are shown in Figure 2.3 [70].
Kneading elements
Kneading elements are disc shaped elements shown in Figure 1.3 (b). They can be used in 30o,
60o, and 90o offset angles, in forward or reverse direction to the material flow, and result in dense,
elongated granules. The two main rate processes in the kneading element were observed to be
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shear elongation, breakage, and layering of dry powder (Figure 2.3) [70]. These conclusions
were made by studying the particle size distributions and particle morphology, which show
elongated granules with jagged ends, suggesting breakage by shear elongation. Similar
conclusions have been made using in-situ experiments with tracer granules, and screw pull-out
techniques [15,57]. The liquid distribution in kneading elements is a strong function of the offset
angle between the kneading discs, forward or reverse configuration, and the number of kneading
elements [54,70]. The reverse kneading element configurations show improved liquid
distribution compared to the forward configurations, due to the material backup against the flow
direction [70]. It is interesting to note that two kneading sections separated by a conveying
section show similar granule properties as one long kneading section of equivalent length [68].

Figure 2.3 Key rate processes in conveying and kneading elements of Twin Screw Granulator.
Adapted from El Hagrasy and Litster 2013 [70].
Distributive Mixing Elements (DMEs)
Distributive mixing elements (DMEs) (Figure 1.3 (c)) are gear-shaped mixer elements, with
angular cuts in the ring portion to allow for passage of material. DMEs cut and combine the wet
mass, resulting in better liquid distribution and more monomodal granule size distribution

18
compared to CEs [7]. DMEs produce rounded granules with high porosity. The adjacent reverse
DME configuration has been found to give the best granule properties compared to other DME
configurations [53]. The main rate process in DMEs is breakage of large agglomerates followed
by layering with adjacent dry powder particles. The granules from the DMEs are more rounded
in shape and porous compared to those from the kneading elements, particularly due to the
different breakage mechanisms in both the elements [10,53].
2.2.2.3 Effect of Formulation Properties
The influence of formulation properties on breakage has been studied to some extent in the twin
screw granulation literature. Increasing binder viscosity forms stronger liquid bridges in the wet
granules, resulting in stronger granules and larger mean granule size when binder viscosity is
increased [7,12,21,54]. The effect of changing powder binder wetting thermodynamics has been
explored by using formulations with varying ratios of hydrophilic and hydrophobic powder
components [23,55]. However, changing the concentration of the two powders also significantly
changes the overall primary particle size of the blend, resulting in a convolution of the effects of
the primary powder particle size as well as blend hydrophilicity on the overall granule properties.
Differences in the primary particle size distribution of excipients has been shown to result in
subtle differences between granule properties [7,70].
The effect of formulation properties on breakage has not been elucidated in the literature due to
the use of multicomponent formulations and the fact that other rate processes occur
simultaneously in the granulator. The effects of formulation properties on breakage have been
studied in detail in high shear wet granulation [7,41,42], but similar studies have not been
performed for a TSG. In this work, experiments have been designed to isolate granule breakage
in order to study this key rate process.
The conclusions of studies in breakage in twin screw granulation have been summarized in the
following tree diagram (Figure 2.4).

Breakage in twin screw
granulation

Effect of process

Effect of formulation

parameters

properties

Screw speed: No significant effect on granule properties

Powder primary particle size:

Screw configuration:

No significant effect on



granule properties in case of




Conveying elements are low shear transport elements that do not redistribute
liquid significantly
Kneading elements mainly result in granule breakage by shear elongation,
resulting in dense, flake-like granules
Distributive mixing elements result in breakage followed by layering of adjacent
unwet powder, and gives more monomodal granule size distribution compared to
conveying elements and rounded, porous granules

kneading elements
Binder wettability: Effect is
unclear due to simultaneous
influence from powder
primary particle size

L/S ratio: Higher L/S ratio increases granule deformability

Binder viscosity: Larger

Material feed rate: Increasing material feed rate at the same screw speed increases the

binder viscosity increases

dimensionless powder feed number. Powder feed number does not have a strong

granule strength, resulting in

effect on granule properties. However, this result needs further understanding.

larger granules

Figure 2.4 Summary of breakage in twin screw granulation.
19

20

2.2.3 Coalescence and Consolidation
The L/S ratio has substantial influence on the granule coalescence in twin screw granulation. As
the L/S ratio is increased, the granule size distribution becomes increasingly monomodal, with
larger granule sizes due to increased availability of the granulating liquid [7,15,53,70]. The
average granule size increases with increase in the L/S ratio, primarily due to higher surface
wetting of granules resulting in more agglomeration [15].
L/S ratio also plays a critical role in granule consolidation. The wet granule DYS is a function of
the liquid pore saturation, and a larger L/S ratio results in increased material deformability [1].
As a result, the granule porosity is decreased with increasing L/S ratio. Several authors have
reported the effect of screw elements on granule consolidation [7,10,14,17,53,57,69,70]. As
discussed in Section 2.2.2.2, kneading elements result in dense granules due to the shearing of
wet mass between the adjacent discs. As the offset angle between the kneading elements
increases from 30o to 90o, the system relies on pressure driven flow for material transport along
the granulator length, resulting in denser granules. Similarly, reverse kneading element
configurations or a longer section of kneading elements also results in denser granules [70]. CEs
and DMEs do not cause granule shearing, due to which they produce high porosity granules
compared to kneading elements. Granule porosity decreases with increasing material feed rate or
decreasing screw speed in the granulator, primarily due to larger mass of material per unit
volume in the barrel, resulting in granule compaction [11,16].
2.2.4 Population Balance Modeling in Twin Screw Granulation
Population balance models are number balance equations, similar to mass and energy balance in
traditional process engineering, which track the number of particles having certain properties [1].
A multidimensional population balance model enables the calculation of multiple granule
properties such as the granule size distribution, liquid distribution, and granule porosity [74–78].
However, multidimensional population balance models involve several computational
difficulties. A lumping approach has been adopted in multidimensional population balance
models to reduce the computational load, while retaining the ability of simulating multiple
granule properties [74]. The general form of population balance model is given as:
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𝑟𝑎𝑡𝑒 𝑜𝑓 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑤𝑖𝑡ℎ 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 𝑣𝑎𝑙𝑢𝑒 𝑣 = 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑖𝑛𝑓𝑙𝑢𝑥 −
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑜𝑢𝑡𝑓𝑙𝑢𝑥 + 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 − 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑑𝑒𝑝𝑙𝑒𝑡𝑖𝑜𝑛

Eq. (2.7)

A one-dimensional population balance model is expressed as:
𝜕 𝑓(𝑥,𝑡)
𝜕𝑡

̇ (𝑥, 𝑡) − 𝑓𝑜𝑢𝑡
̇ (𝑥, 𝑡) +
= 𝑓𝑖𝑛

𝜕 𝐺𝑓(𝑥,𝑡)
𝜕𝑥

+ 𝑅𝑎𝑔𝑔,𝑏𝑖𝑟𝑡ℎ (𝑥, 𝑡) + 𝑅𝑏𝑟𝑒𝑎𝑘,𝑏𝑖𝑟𝑡ℎ (𝑥, 𝑡) −

[𝑅𝑎𝑔𝑔,𝑑𝑒𝑎𝑡ℎ (𝑥, 𝑡) + 𝑅𝑏𝑟𝑒𝑎𝑘,𝑑𝑒𝑎𝑡ℎ (𝑥, 𝑡)]

Eq. (2.8)

where 𝑓 is the number density, 𝑥 is the particle/granule size, 𝑡 is time, 𝑅𝑎𝑔𝑔,𝑏𝑖𝑟𝑡ℎ is the birth rate
of larger granules due to aggregation, 𝑅𝑏𝑟𝑒𝑎𝑘,𝑏𝑖𝑟𝑡ℎ is the birth rate of smaller granules due to
breakage, 𝑅𝑎𝑔𝑔,𝑑𝑒𝑎𝑡ℎ is the depletion or death rate of smaller granules due to aggregation, and
𝑅𝑏𝑟𝑒𝑎𝑘,𝑑𝑒𝑎𝑡ℎ is the death rate of larger granules due to breakage.
The key parameters of breakage rate are the breakage rate constant or breakage kernel, and the
daughter distribution function. There have been several breakage kernel models described in the
literature, both one dimensional and multidimensional, based on empirical or semi-empirical
considerations. Compared to the progress in the area of aggregation kernel development, far less
literature has been published for breakage kernels. Table 2.3 summarizes some of the breakage
kernels developed in the wet granulation literature. Particularly important to note is the rigorous
mechanistic breakage kernel developed for high shear granulation [79]. The kernel considers
breakage probabilities of particle-particle collisions, particle-wall collisions, and particleimpeller collisions, and shows good agreement with results from breakage-dominant high shear
granulation experiments. However, the choice of an appropriate breakage kernel in a PBM
remains somewhat arbitrary.
Table 2.3 Summary of breakage kernels in the wet granulation literature. Expanded from Kumar
et al. 2013 [46].
Kernel Name and Parameters

Equation

Semi-empirical:[80]
G: shear rate, D: diameter
P1, P2 fitting

𝑃1 𝐺𝑠ℎ𝑒𝑎𝑟 (𝐷(𝑧))
𝐾𝑏𝑟𝑒𝑎𝑘 (𝑧) =
2

𝑃2

22
Table 2.3 continued
Product type:[81]
B = beta function
v(y): y > 1 number of paste
fragments

𝑧 𝑞−1 (1 − 𝑧)𝑞(𝑣−1)−1
𝐾𝑏𝑟𝑒𝑎𝑘 (𝑧) =
𝐵(𝑞, 𝑞(𝑣 − 1))

q > 0, parameter
Sum Type:[82]
B = beta function,
v(y): y > 1 number of paste
fragments

𝑧 𝑞−1 (1 − 𝑧)𝑣−2
𝐾𝑏𝑟𝑒𝑎𝑘 (𝑧) =
+ (𝑣
𝐵(𝑞, 𝑣 − 1)
− 1)

q > 0, parameter

(1 − 𝑧)𝑞+𝑣−3
𝐵(1, 𝑞 + 𝑣 − 2)

Sum of Powers:[83]
-2< ki < inf
𝑛

𝑐𝑖
1=∑
𝑖=1 𝑘𝑖 + 2

𝑐

𝑖
𝐾𝑏𝑟𝑒𝑎𝑘 (𝑧) = ∑𝑛𝑖=1 𝑐𝑖 𝑧 𝑘 with ∑𝑛𝑖=1 𝑘 +2
=1
𝑖

𝑛

Discrete homogeneous[84]

𝐾𝑏𝑟𝑒𝑎𝑘 (𝑧) = ∑

𝑎𝑖 𝛿(𝑧 − 𝑐𝑖 )

𝑖=1

Ghadiri Breakage Kernel [85]
2

𝜌𝑠 𝐸 ⁄3

𝜌𝑠 is particle density, E is elastic
modulus, and 𝛤 is the interfacial

𝐾𝑏𝑟𝑒𝑎𝑘 (𝑧) =

𝛤 2⁄3

energy
Weibull Breakage Kernel [86]
𝜎 is the applied load, 𝜎𝑧 is the
material strength, 𝑘, 𝑚 are fitted
constants

𝜎
𝐾𝑏𝑟𝑒𝑎𝑘 (𝑧) = 1 − exp[−𝑘. ( )]𝑚
𝜎𝑧
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Table 2.3 continued
Mechanistic Breakage:[79]

𝐾𝑏𝑟𝑒𝑎𝑘 (𝑧𝑎 )

F = particle density
WA = total wall surface area

=∑

𝑧𝑎 =1

SA= particle surface area
IA impeller surface area
Na = Avogadro’s constant
za,upper = upper limits on volumes

𝑧𝑎−𝑢𝑝𝑝𝑒𝑟 𝜎 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 (𝑧 , 𝑧 )
𝑎 𝑏
𝑒𝑥𝑡

+

𝜎𝑖𝑛𝑡 (𝑧𝑎 )

𝐹(𝑧𝑎 )𝑁𝑎

𝑆𝐴(𝑧𝑎 )
𝑆𝐴 + 𝑊𝐴 + 𝐼𝐴

𝑤𝑎𝑙𝑙
𝜎𝑒𝑥𝑡
(𝑧𝑎 )
𝑊𝐴
𝜎𝑖𝑛𝑡 (𝑧𝑎 ) 𝑆𝐴 + 𝑊𝐴 + 𝐼𝐴
𝑓𝑙𝑢𝑖𝑑

𝑖𝑚𝑝𝑒𝑙𝑙𝑒𝑟
𝜎𝑒𝑥𝑡
(𝑧𝑎 )
𝐼𝐴
𝜎
(𝑧𝑎 )
+
+ 𝑒𝑥𝑡
𝜎𝑖𝑛𝑡 (𝑧𝑎 ) 𝑆𝐴 + 𝑊𝐴 + 𝐼𝐴
𝜎𝑖𝑛𝑡 (𝑧𝑎 )

The current population balance models (PBMs) developed in the twin screw granulation
literature are a significant step forward in the predictive modeling of the TSG. PBMs in twin
screw granulation have often adopted breakage kernels from the high shear granulation literature.
As a result, the models overestimate the large granule sizes, indicating that they are not
adequately able to predict the breakage rate correctly [74]. Additionally, it is important to note
that the granulation mechanism in high shear granulation is significantly different from twin
screw granulation, with different screw element designs showing widely different granule
properties (Section 2.2.2.2). It has been suggested that a mechanistic breakage kernel needs to be
developed for twin screw granulation to remedy these discrepancies [18,74]. It is first important
to discern the probabilities of particle breakage in the different screw designs, and its dependence
on material characteristics and process conditions, before a mechanistic kernel can be formulated
for a twin screw granulation PBM.
Furthermore, the TSG PBMs assume that a parent granule breaks into two equal daughter pieces.
Although this simplified assumption provides a good starting point for the model, appropriate
daughter distribution functions need to be developed for different screw designs for a range of
material properties and process conditions in the TSG. The daughter distribution function is
dependent on the breakage mechanism in the granulator. Several daughter distribution functions
are published in the comminution literature, and provide a basis for developing daughter
distribution models for granulation processes. Table 2.4 summarizes some of the important
breakage daughter distribution functions developed for particle grinding and milling processes.
𝑥

𝑥

In the given table, 𝑄𝑚 (𝑥 ) is the cumulative mass fraction distribution, 𝑥 is the ratio of the
𝑜

daughter size to the parent granule size, and 𝑥𝑜 is the parent granule size.

𝑜
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Table 2.4 Summary of relevant daughter size distributions developed for comminution processes.
Model Name and Parameters
Power law [87]
𝑛 is a fitted parameter
Austin model [88]
𝜑, 𝛽, 𝛾 are fitted parameters
0≤𝜑≤1
Equal size [89]
𝑝 is the number of daughters,
𝑝 ≥2
Binary breakage [89]
𝑝=2
Uniform breakage [87]
𝑝 ≥2
Weibull breakage [86]
𝑚, 𝑛 are fitted parameters

Equation
𝑄𝑚 (

𝑥
𝑥 𝑛
)=1− ( )
𝑥𝑜
𝑥𝑜

𝑥
𝑥 𝛾
𝑥 𝛽
𝑄𝑚 ( ) = 1 − [𝜑 ( ) + (1 − 𝜑) ( ) ]
𝑥𝑜
𝑥𝑜
𝑥𝑜
𝑥
1
𝛿 (𝑥 − 𝑝 )
𝑥
𝑜
𝑄𝑚 ( ) =
𝑥𝑜
𝑥𝑜
𝑥
1
𝛿 (𝑥 − 𝑝 )
𝑥
𝑜
𝑄𝑚 ( ) =
𝑥𝑜
𝑥𝑜
𝑥
𝑄𝑚 ( ) =
𝑥𝑜

𝑥 𝑝−2
(𝑝 − 1) (1 − 𝑥 )
𝑜

𝑥𝑜

𝑥
1 𝑥 𝑛
𝑄𝑚 ( ) = exp[− (
) ]
𝑥𝑜
𝑚 𝑥𝑜

Population balance modeling for twin screw granulation is currently in its infancy. However, the
current PBM frameworks provide an excellent foundation for the development of breakage rate
expressions for the TSG. The breakage models are a strong function of the granulation
mechanisms, and a thorough understanding of the underlying physics of granulation in the TSG
is essential for formulating models that provide realistic estimates of the granule properties.
Consequently, it is imperative to establish improved understanding of breakage mechanisms in
the different screw elements in the TSG. This work is focused on development of breakage rate
expressions for use in twin screw granulation PBMs, based on breakage isolating experiments in
the TSG.
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2.3

Literature Review Summary

With the current design of commercially available TSGs, the granulator primarily relies on
breakage of wet granule mass, to ensure adequate redistribution of the powder and the liquid
binder. Yet, little is known about the breakage mechanisms in the different screw designs, for a
variety of formulation properties and process conditions. There is no data available for
developing breakage models for population balance modeling of twin screw wet granulation, and
adopting breakage models developed for other continuous wet granulation processes are likely to
present inaccuracies in predicting final granule attributes.
The influence of formulation properties on final granule characteristics has been studied to some
extent in the literature. However, the impact of the powder and binder properties on wet granule
breakage in different screw elements is unclear, due to the use of multicomponent formulations
and the presence of simultaneously occurring rate processes in the granulator. Consequently,
establishing fundamental understanding of breakage mechanisms in the different screw
geometries is challenging, although critical for successful model development in twin screw
granulation. It is therefore essential to isolate the breakage rate process from the other rate
processes, and design careful experiments to discern the impact of key material properties on wet
granule breakage in the TSG.
Regarding the effect of process parameters on critical quality attributes of granules, there is some
disagreement in the literature on the combined interaction of material feed rate and screw speed.
The dimensionless powder feed number captures both the parameters, but additional studies are
needed to ascertain the relationship of the powder feed number and the wet granule breakage
mechanisms in the various screw element geometries. The current literature has presented a
foundation for development of Quality-by-Design and scale-up strategies in twin screw
granulation. It is essential to enhance this understanding and establish quantitative insight into
effective scaling rules and design strategies to optimize the operation of the TSG.
Finally, proper model calibration and validation experiments are key to accomplishing robust
models that accurately predict the final granule properties of interest. It is important to use
industrially relevant formulations and operating conditions to corroborate the understanding, and
to ensure feasibility of the developed models for use in the industry.
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2.4

Thesis Objectives

The goal of this thesis is to understand wet granule breakage mechanisms in the different screw
element geometries, and to elucidate the influence of key process and material variables on the
breakage rate process in twin screw granulation. The specific objectives of the proposed research
are:
1. Develop understanding of the wet granule breakage mechanisms in conveying and
distributive mixing element screw geometries, based on breakage isolating experiments.
2. Ascertain the quantitative influence of key material properties and operating parameters
on the wet granule breakage in conveying and distributive mixing elements.
3. Develop models for granule breakage kernel and daughter distributions for conveying
and distributive mixing elements.
4. Develop models for tailored granule properties and strategies for Quality-by-Design and
scale-up of the twin screw wet granulation process.
5. Validate the models by performing twin screw wet granulation experiments with
industrially relevant powder formulations using conveying and distributive mixing
element geometries.
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3. WET GRANULE BREAKAGE IN CONVEYING ELEMENTS

3.1

Introduction

As discussed in Section 2.2, previous reports on twin screw granulation have shown that
breakage of the wet powder mass in the granulator is the dominant rate process as the TSG
operates in the mechanical dispersion regime [9]. Breakage of wet mass occurs when the stress
exerted on the material exceeds the material dynamic yield strength (DYS), which is a strong
function of the formulation properties such as binder viscosity, binder surface tension, and
powder particle size, granule liquid saturation [10,11], and operating parameters such as strain
rate and the Stokes deformation number. The dependence of granule characteristics on
formulation and process parameters in conveying elements (CEs) has been studied in the
literature to some extent (Section 2.2.2.2). CEs are shown to be low shear transport elements that
give bimodal granule size distribution and porous, elongated granules [8]. It is hypothesized that
the pitch of the CE screw significantly influences the extent of breakage in CEs [17].
In this study, we have used breakage specific experiments to understand the effect of formulation
properties and process parameters on breakage in CEs in the TSG. A quantitative correlation
between the granule properties and the screw element geometry in CEs is also developed.

3.2

Materials and Methods

3.2.1 Maximum Size Analysis
The maximum granule size in CEs was determined using computer aided drafting (CAD) files of
the screw element. The CAD file for the 16 mm conveying element was obtained from Thermo
Fisher Scientific. An assembly was created by using the screw elements in series and parallel and
meshing them similar to the twin screw granulator. A barrel was constructed around the
assembly with a diameter of 16.00 mm. A sphere was placed in the region of maximum space
between the barrel and the CE. The maximum diameter of the sphere was determined such that
the sphere is tangential to at least two surfaces, as shown in Figure 3.1 [90].
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Figure 3.1 CAD drawing of sphere of maximum size placed in a conveying element. Arrows
indicate possible paths that a pellet can follow in the conveying elements.
3.2.2 Materials
Glass ballotini (Potters Industries LLC, OH, USA) of five different size cuts (0-10 μm, 63-90 µm,
125-180 µm, 180-250 µm, and 355-500 µm) were used as model material due to their spherical
shape and well controlled properties (skeletal density = 2.47 g/cc) [3,6]. The particle size
distributions of the glass ballotini were measured in a Malvern Mastersizer 2000 using water as
the dispersing medium. The particle size analyses of the glass ballotini used in this work are
shown in Table 3.1 as average of at least three samples from different locations in the bulk with
± 95% confidence interval. The corresponding volume distributions are shown in Figure 3.2.
Silicone oil (Sigma-Aldrich Corp., MO, USA, viscosity = 64 Pa.s) and a glycerol solution
(Sigma-Aldrich Corp., MO, USA, water-to-glycerol ratio = 0.01 by weight, viscosity 0.7 Pa.s)
were used as model binders of different viscosities [3,6]. These model powders and liquids have
been previously used in mechanistic studies of wet granulation [3,6]. The silicone oil binder was
dyed yellow using oil soluble aniline dye (Woodworker’s Supply Inc., NC, USA; dye powder-tosilicone oil ratio = 0.01 by weight) and the glycerol solution was dyed using Nigrosin dye
(Sigma-Aldrich Corp., MO, USA). Play Doh modeling compound (Hasbro Inc., USA) was used
to prepare spheres of different diameters to perform preliminary breakage specific experiments in
the twin screw granulator [90].
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Table 3.1 Particle size distribution of the glass ballotini grades used in this work. Average of at
least three measurements with ± one standard deviation is given.

Size

Glass

Glass

Glass

Glass

distribution

ballotini

ballotini

ballotini

ballotini

parameter

0-10 μm

63-90 μm

180-250 μm

355-500 μm

d50

3.6 ± 0.1

49.9 ± 0.1

97.3 ± 0.1

124.8± 0.6

255.1 ± 1.2

d10

7.2 ± 0.1

69.8 ± 0.2

132.0 ± 0.1

171.2 ± 0.7

345.8 ± 2.3

d90

13.8 ± 0.1

97.1± 0.3

178.4 ± 0.3

232.9 ± 0.7

468.4 ± 4.3

d3,2

6.2 ± 0.1

67.6 ± 0.2

128.3 ± 0.1

166.2 ± 0.7

336.5 ± 2.2

d4,3

8.1± 0.1

72.1 ± 0.2

135.5 ± 0.2

176.0 ± 0.7

354.9 ± 2.6

Glass ballotini
125-180 μm

Figure 3.2 Volume distribution of glass ballotini.
3.2.3 Pellet Preparation and Dynamic Yield Strength Measurements
To measure the dynamic yield strength (DYS) of the materials, cylindrical pellets with a height
and diameter of 25 mm were prepared using a hand punch and die set. The glass ballotini and
liquid binder were mixed together such that the binder-to-powder ratio by weight was 0.15. The

30
solid fraction for these pellets was maintained at 0.63. For the 0-10 μm mixture with glycerol,
the binder-to-powder ratio was 0.3 and the pellet solid fraction was maintained at 0.6. The pellet
solid fractions were chosen to resemble those of granules produced by wet granulation of real
powder blends. Cylindrical pellets with the same height and diameter were also prepared using
Play Doh.
The DYS of each of the materials was measured using an Instron ElectroPlus E1000 material
testing system with a platen impact speed of 10 mm/s. The strength of wet granules is a function
of strain rate [3,30,31]. The typical particle impact speed observed in a TSG has been studied to
some extent in the literature [18]. However, the results are not directly comparable to this work
due to significant differences in operating conditions. On the other hand, the typical particle
impact speed in a high shear granulator is estimated to be 10-20% of the impeller tip speed and is
expected to be larger than in a TSG. Hence, the platen speed used in this study is approximately
of the order of magnitude of 10% of the tip speed of the screw. The platens were greased with
Vaseline in order to reduce the friction of the pellet with the platen surface during pellet
deformation. The detailed methodology for pellet preparation and DYS measurements can be
found elsewhere [3,32]. Images of the pellets before and after DYS measurement are shown in
Figure 3.3 [90].

Figure 3.3 Image of glass ballotini pellet before and after dynamic yield strength measurement.
Preliminary breakage experiments were performed for CEs using Play Doh spheres in order to
understand the effect of granule size on the breakage probability. Play Doh spheres of diameter
1.0 ± 0.1 mm, 2.0 ± 0.1 mm, 3.0 ± 0.1 mm and 4.0 ± 0.1 mm were prepared. Twenty spheres
were prepared for each diameter and the diameter of each sphere was verified using caliper
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measurements. For breakage specific experiments, cylindrical pellets of the model material
systems of height 2 ± 0.1 mm and 3 ± 0.1 mm (height/diameter = 1) were prepared using a Natoli
Carver Press tooling standard punch and die set (Natoli Engineering Company Inc., MO, USA)
in the Instron ElectroPuls E1000 materials testing system.

Pellet-to-pellet variation was

minimized by maintaining uniform conditions for all pellets such as pellet weight, porosity,
compressive stress and speed of compression. Although a spherical pellet is more representative
of a granule, it was not possible to prepare a spherical pellet while maintaining uniform pellet
preparation conditions. Twenty pellets were prepared for each model material. Images of the
pellets are shown in Figure 3.4 [90].

Figure 3.4 Images of the model material pellets used for breakage specific experiments.
3.2.4 Breakage Specific Experiments in Conveying Elements
The twin screw breakage specific experiments were performed in a EuroLab 16 mm Twin Screw
Granulator (TSG), 25:1 length-to-diameter (L:D) ratio (Thermo Fisher Scientific, Karlsruhe,
Germany). For all experiments, microcrystalline cellulose (MCC) was used as a free flowing
powder medium in order to simulate real flow conditions in the TSG. The MCC (poured bulk
density = 0.32 g/cc) was fed into the TSG using a gravimetric feeder (Brabender Technologie,
ON, Canada). The experiments were performed for the two sizes of model materials pellets
considered, at different screw speeds and powder feed rates, to achieve different powder feed
numbers in the granulator (Table 3.2). Figure 3.5 shows a schematic of the TSG, which is
divided into six zones of length 60 mm each and a 20 mm section on the end. The powder is fed
from zone 4 for all experiments as shown in the Figure 3.5. Fifteen pairs of 16 mm doubleflighted CEs L:D (length:diameter) = 1 were used for CE breakage specific experiments. The
pellets were fed one by one from zone 4 along with the powder feed [90].
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Table 3.2 Experimental design of breakage specific experiments in conveying elements.
Pellet size

Screw speed

Powder feed rate

Powder feed number

(mm)

(RPM)

(kg/h)

(-)

3

800

4

0.011

3

400

4

0.022

3

200

2

0.022

3

200

4

0.045

2

400

4

0.022

2

200

4

0.045

Figure 3.5 Schematic of the experimental set up for breakage specific experiments in conveying
elements.
The pellet remnants and MCC were collected at the outlet of the granulator. All pellets that retain
75% or larger of their initial volume are considered “survivors”. For 3 mm pellets, the equivalent
cylinder size (height/diameter = 1) of survivors is 2.8 mm and for 2 mm pellets it is 1.8 mm. A
2.8 mm sieve was used to separate the survivors in the case of 3 mm feed pellets and a 1.7 mm
sieve was used to separate the survivors in the case of 2 mm feed pellets. The breakage
experiments with the Play Doh spheres were performed at a screw speed of 400 RPM and
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powder feed rate of 4 kg/h (powder feed number of 0.022). For Play Doh spheres, the breakage
does not necessarily result in several broken pieces due to the sticky nature of the modeling
compound. Hence, any sphere showing a crack length equal to or larger than the sphere radius
was considered a broken pellet. The daughter size distribution of the broken pellet pieces was
measured using a √2 series of sieves from 0.5 to 2.0 mm. It was not possible to separate broken
material smaller than 0.5 mm from the MCC because of the presence of MCC in lower sieve cuts.
Daughter size distributions were plotted as the normalized mass frequency of the logarithm of
the particle size according to,
𝑓𝑖 (𝑙𝑛 𝑥) =

𝑦𝑖
𝑙𝑛(𝑥̅ 𝑖+1 ⁄𝑥̅ 𝑖 )

,

Eq. (3.1)

where 𝑦𝑖 is the mass fraction in size interval 𝑖 and 𝑥̅𝑖 is the mean sieve size corresponding to
interval 𝑖. Two replicate experiments were performed and both sets of data are shown in the
graphs [90].
3.2.5 Three Dimensional Survivor Shape Characterization
The survivor pellets from the breakage experiments at powder feed number = 0.022 were imaged
using a Nikon SMZ-1500 Stereoscopic Zoom Microscope. The pellet was placed next to a prism
in order to record the side and top views simultaneously. A representative survivor for each
model material was chosen to study the survivor shape characteristics, to understand the
breakage mechanism in CEs [90].
3.2.6 Residence Time and Fill Level Measurements
The residence time in the CEs at the different powder feed numbers (Table 3.2) was measured by
adding model material pellets of diameter 2 mm (diameter = height) in the TSG. The
experiments were performed similar to the procedure described in Section 3.2.4. At least ten
pellets for each model material were added one by one to the CE screw configuration (Figure 3.5)
at zone 4, and the time required for each pellet to exit the granulator was recorded with a
stopwatch.
The fill levels in the CE configuration (Figure 3.5) at the different powder feed numbers (Table
3.2) were measured by using the screw pull-out technique [57]. The TSG was operated at the
screw speeds of interest, with MCC fed into the granulator at a feed rate corresponding to each
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powder feed number. After the steady state was reached, the screw rotation and the powder feed
in the TSG were simultaneously stopped. The powder mass hold up in the TSG was collected
and the weight was measured. Three measurements were performed for each powder feed
number. The free volume available for material in the CE configuration was calculated using the
CAD geometry of the CE in the barrel.

3.3

Results and Discussion

3.3.1 Geometric Analysis of Conveying Elements
Figure 3.1 shows a CAD drawing of the CEs used in this work enclosed in the barrel of the TSG.
Each CE is double flighted and has a length of 16 mm, diameter of 15.60 mm and the distance
between the two flights is 7 mm. The space between the flights and the barrel is the maximum
space available for material in the CEs. When the twin screw with CEs is enclosed in the barrel,
a sphere of maximum diameter 3.49 mm can fit in the region between the two flights of the CE
and the barrel, and is considered to be the maximum diameter of CEs.
For a pellet in the CEs, there are two paths that are possible as shown in Figure 3.1:
1)

The pellet follows a helical path along the flights

2)

The pellet is conveyed axially by the axial component of the flight velocity

In both cases, the pellet is always enclosed in the region between the flights and the barrel. Thus,
the pellet always experiences a region of constant maximum diameter of 3.49 mm. Any granular
material is therefore expected to have a maximum size less than or equal to this maximum
diameter in CEs [90].
3.3.2 Model Material Library
The model material library was characterized by measuring the DYS of the model material
mixtures described in Section 3.2.3. A typical stress-strain curve for the model materials is
shown in Figure 3.6. The pellet is subjected to uniaxial compression along the cylinder axis and
undergoes a maximum stress as the strain increases. The peak stress is termed as the material
DYS.
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Figure 3.6 Typical stress-strain curve for the model materials.
Figure 3.7 shows that the DYS of the materials decreases as the particle size of glass ballotini
increases and as the binder viscosity decreases. These results are consistent with previous work
[3,4,23]. The results in Figure 3.7 cover a Capillary number range from 0.001 to 0.5. In this
range, viscous dissipation, interparticle friction and capillary forces all contribute towards the
plastic deformation of the pellet and DYS will increase with binder viscosity and be
approximately inversely proportional to primary particle size [3,34,35]. Furthermore, the DYS of
the model materials span a wide range with the 0-10 μm glass ballotini and glycerol mixture
being more than 100 times stronger than the 355-500 μm glass ballotini and glycerol mixture.
This large range allows for a more complete understanding of the breakage mechanism for a
wide variety of formulations in a TSG. The DYS of Play Doh was also measured in order to
compare to the breakage studies using the model materials. The DYS of the Play Doh was found
to be 13.5 ± 0.8 kPa [90].
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Figure 3.7 Dynamic yield strength of model materials. Note the change in the vertical axis scale
at large DYS values.
3.3.3 Breakage in Conveying Elements: Effect of Granule Size and Formulation
Properties
Figure 3.8 shows the breakage probability of the Play Doh spheres as a function of the sphere
diameter for the CEs at powder feed number = 0.022. A 5% breakage probability represents one
broken sphere. The scatter bars represent plus and minus one standard deviation in the
measurement from three replicate experiments.
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Figure 3.8 Breakage probability of Play-Doh spheres of different diameters in conveying
elements at a screw speed of 400 RPM and powder feed rate of 4 kg/h (powder feed number =
0.022).
It is interesting to observe that spheres of diameter 4 mm showed 100% breakage probability
while spheres of diameter 3 mm and smaller showed a negligible breakage probability in CEs. It
was concluded that the spheres of diameter 4 mm were larger than the maximum size in the CEs
and hence showed 100% breakage.
The breakage experiments for CEs were performed using cylindrical pellets of diameters (height
= diameter) 2 mm and 3 mm as described in Section 3.2.4. The number of survivor pellets out of
20 feed pellets for each material was noted and the percentage of pellets broken, or breakage
probability, was plotted as a function of the DYS for a powder feed number of 0.022 as shown in
Figure 3.9. A 5% breakage probability represents one broken pellet. The number of survivors for
each material was reproducible within 15% and was considered acceptable due to the stochastic
nature of the path undertaken by the pellets. The horizontal scatter bars for the DYS represent
plus minus one standard deviation in the measurement from five replicate measurements. Some
of the data do not show scatter bars due to the scatter being smaller than the size of the marker.
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Figure 3.9 Breakage probability of 3 mm and 2 mm cylindrical pellets in conveying elements as
a function of dynamic yield strength of the model materials at a screw speed of 400 RPM and
powder feed rate of 4 kg/h (powder feed number = 0.022).
For the 3 mm pellets, the breakage probability decreases as the DYS of the material increases.
Interestingly, for materials having a DYS of 9 kPa or larger, none of the pellets broke. This result
indicates that formulations with strength larger than this critical value can resist breakage
independent of their DYS. It is important to note that the Play Doh pellets of 3 mm diameter also
showed 0% breakage probability. The DYS of the Play Doh was found to be larger than 9 kPa
and thus is consistent with the other formulation results. The 355-500 microns glass ballotini and
glycerol pellets were the weakest materials and showed 50% breakage probability. Any material
weaker than this would slump under its own weight and, hence, it was not possible to prepare a
self-sustaining pellet of weaker materials. It is also important to note that real powder
formulations also typically have DYS values greater than 9 kPa [37,38]. In contrast, the 2 mm
pellets show negligible breakage for all of the materials considered. The reason for this behavior
is explained in the following paragraphs.
Figure 3.10 shows sectional views of the 2 mm and 3 mm pellets. The diameter and height of the
pellet are 3.00 mm each whereas the diagonal length of the pellet is 4.24 mm. Figure 3.11 a-i)
shows images of the typical survivor pellets for each model material. The pellets having DYS
values larger than the critical value had distorted shape, but retained most of their mass. The
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weaker pellets showed a larger loss of mass with chipping primarily across the diagonal, which is
greater than the maximum opening size in CEs. The height and diameter of the 2 mm pellets as
well as the length of the diagonal are smaller than the maximum size in CEs and show zero
breakage probability independent of the DYS of the material. Based on these observations, we
conclude that if a granule has a size less than the element maximum opening size, then the
breakage probability is extremely low (or near zero) irrespective of the material’s DYS. If a
granule has a size greater than the maximum size, then the breakage probability will decrease
with an increase in the DYS.

Figure 3.10 a) Sketch of 3 mm cylindrical pellet b) Sketch of 2 mm cylindrical pellet.

40

Figure 3.11 Microscope images of top (left) and side (right) of representative 3 mm survivor
pellets from conveying elements at a screw speed of 400 RPM and powder feed rate of 4 kg/h
(powder feed number = 0.022) a) 0-10 μm glass ballotini with glycerol b) 63-90 μm glass
ballotini with silicone oil c) 125-180 μm glass ballotini with silicone oil d) 180-250 μm glass
ballotini with silicone oil e) 355-500 μm glass ballotini with silicone oil f) 63-90 μm glass
ballotini with glycerol g) 125-180 μm glass ballotini with glycerol h) 180-250 μm glass ballotini
with glycerol i) 355-500 μm glass ballotini with glycerol. Differences of color in the images are
due to changes in lighting used during measurement.
Figure 3.12 shows the daughter size distribution of the 3 mm broken pellets passing through CEs.
The original size of the pellet is marked by the vertical dotted line. The distribution shows a
sharp peak at 2.4 mm along with a tail of fines for all of the materials considered. The shape of
the distribution is characteristic of an attrition process where the sides of the pellet are chipped,
retaining most of the mass of the pellet. The mean daughter size distribution shows a shift
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towards smaller granule sizes as the DYS decreases. This result shows that in CEs, materials
weaker than 9 kPa are expected to undergo increased attrition resulting in a larger generation of
fines. The daughter size distribution shows a peak at a mean sieve size of 2.4 mm. Considering
2.4 mm to be the height of the broken pellet, the length of the diagonal is 3.4 mm, which is the
maximum size of the CEs. This trend demonstrates that the pellets undergo chipping primarily
along the diagonal and are size reduced to the maximum opening size of the CEs [90].

Figure 3.12 Daughter size distribution of 3 mm cylindrical pellets for different model materials
in conveying elements at a screw speed of 400 RPM and powder feed rate of 4 kg/h (powder
feed number = 0.022).
3.3.4 Breakage in Conveying Elements: Effect of Process Conditions
The powder feed rate in the granulator and the screw speed were the process parameters
considered for the breakage isolating experiments, as the combined interaction of these variables
has been most debated in the literature. The process parameter dependence on the breakage
characteristics was studied using the dimensionless powder feed number (equation 2.7), and the
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residence time and fill level in the granulator were measured for each powder feed number as per
methods described in Section 3.2.6. As seen previously, the volume of the screw channel
strongly governs the breakage behavior in the CEs. An increase in the fill level in the granulator
is expected to decrease the effective volume available for wet granular material, and we predict
larger breakage probabilities. Similarly, an increase in the residence time in the granulator
provides greater number of breakage opportunities for the wet granular mass, which is also
expected to increase the breakage probability. Figure 3.13 shows that the measured fill level in
the granulator is directly proportional to the powder feed number, which indicates that powder
feed number is a direct measure of the fraction of the volume occupied by the powder in the
granulator. The product of residence time and screw speed accounts for the number of breakage
opportunities encountered by the wet granules. Figure 3.14 plots the ratio of the fill level to the
number of breakage opportunities as a function of the powder feed number. The proportionality
indicates that the powder feed number is able to account for breakage due to both these effects,
and can be used as a sufficient descriptor for the process parameter dependence on the breakage
rate process.

Figure 3.13 Fill level in conveying elements as a function of the dimensionless Powder Feed
Number.
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Figure 3.14 Ratio of fill level in conveying elements to the number of breakage opportunities as
a function of the Powder Feed Number.
As described in Section 3.2.4, breakage specific experiments were performed for the 3 mm and 2
mm pellets at different powder feed numbers. The breakage probability was plotted as a function
of the material DYS for different powder feed numbers for the 3 mm and 2 mm pellets (Figures
3.15 and 3.16). For the 3 mm pellets, breakage probability increases with the powder feed
number for materials weaker than 9 kPa DYS. However, materials stronger than 9 kPa are able to
resist breakage for larger powder feed numbers. It is interesting to note that increasing screw
speed at a constant powder feed rate decreases the breakage probability. This result might seem
counter-intuitive, as the screw speed is considered as the kinetic energy input in the granulator,
and would be directly proportional to the conventional definition of the Stokes deformation
number. However, breakage in the granulator is strongly governed by the fraction of available
free volume for the wet granules, due to the compact nature of the granulator. As a result, it is
essential to consider the dependence of breakage probability on the powder feed number, in case
of twin screw granulation. 2 mm pellets do not show any breakage regardless of the powder feed
number. As the 2 mm pellets are significantly smaller than the maximum size in CEs, it is
possible that in the range of powder feed numbers studied, the fill level increase was not
sufficient to cause increased breakage of the 2 mm pellets. Powder feed number is an important
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parameter that governs the breakage probability for weaker materials and needs to be considered
during scale-up. However, for industrially relevant materials, powder feed number is not
expected to effect the granule size distributions significantly. This conclusion is in line with the
observations made in the literature for wet granulation experiments using commercially available
powder formulations [71].

Figure 3.15 Breakage probability as a function of the material dynamic yield strength for 3 mm
pellets in conveying elements at different powder feed numbers.
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Figure 3.16 Breakage probability as a function of the material dynamic yield strength for 2 mm
pellets in conveying elements at different powder feed numbers.
Figure 3.17 (a)-(c) shows the daughter size distribution graphs for 3 mm model material pellets
at powder feed numbers 0.011 (powder feed rate = 4 kg/h, screw speed = 800 RPM), 0.022
(powder feed rate = 2 kg/h, screw speed = 200 RPM), and 0.045 (powder feed rate = 4 kg/h,
screw speed = 200 RPM). The daughter distributions are similar to the Figure 3.12, which are the
daughter size distributions for powder feed number 0.022 (powder feed rate = 4 kg/h, screw
speed = 400 RPM). The daughter distributions at powder feed number of 0.045 shows an
increased fraction of fines for the two weakest materials (180-250 µm ballotini + glycerol and
355-500 µm ballotini + glycerol). However, for all the other materials, the powder feed number
does not change the daughter size distributions significantly. The shape of all the distributions
resembles granule edge chipping mechanism, similar to Figure 3.12. This result indicates that the
powder feed number does not change the breakage mechanism in CEs, but only affects the
breakage probabilities (Figures 3.15 and 3.16).
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Figure 3.17 Daughter size distribution of 3 mm cylindrical pellets for different model materials
in conveying elements at (a) screw speed of 800 RPM and powder feed rate of 4 kg/h (powder
feed number = 0.011), (b) screw speed of 200 RPM and powder feed rate of 2 kg/h (powder feed
number = 0.022), and (c) screw speed of 200 RPM and powder feed rate of 4 kg/h (powder feed
number = 0.045).
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Figure 3.17 continued

3.3.5 Understanding the Performance of Real Formulations in Conveying Elements
In a twin screw wet granulation operation, the liquid is typically injected using a drip nozzle
positioned above the CEs [18,53]. The material in the twin screw granulator is, thus, a mixture of
wet powder mass enveloped in dry powder. At low liquid to solid ratio, the primary rate process
for liquid distribution is breakage and the rate of coalescence is low [18]. Due to the low
shearing characteristics of CEs, wet mass is sheared by chipping to granules no larger than 3.49
mm. The chipped pieces along with the un-wet powder are accounted for in the fines region of
the granule size distribution. Therefore, the granule size distribution for CEs is observed to be
bimodal in shape. It is expected that granule size distributions in real formulations are also
bimodal in nature with granules no larger than the maximum size in CEs in the breakage
controlled regimes. This trend has been observed in several published reports using a similar
scale of TSG geometry as used in this work [12,13,53,70]. However, it should be noted that
although the breakage probability in the CEs is a strong function of the DYS, materials stronger
than 9 kPa are able to resist damage.
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The data presented for the breakage probability and the daughter size distribution can be directly
used in the population balance modeling (PBM) of twin screw granulation in the breakage rate
expression:
𝑅𝑏𝑟𝑒𝑎𝑘𝑎𝑔𝑒 = 𝑏̇𝑏𝑟𝑒𝑎𝑘 − 𝑑̇𝑏𝑟𝑒𝑎𝑘

(Eq. 3.2)

𝑑̇𝑏𝑟𝑒𝑎𝑘 (𝑠, 𝑙, 𝑡) = 𝑘𝑏𝑟𝑒𝑎𝑘 (𝑠, 𝑙) × 𝑛(𝑠, 𝑙, 𝑡)

(Eq. 3.3)

∞ ∞
𝑏̇𝑏𝑟𝑒𝑎𝑘 (𝑠, 𝑙, 𝑡) = ∫𝑠 ∫𝑙 𝐵𝑏𝑟𝑒𝑎𝑘 (𝑠, 𝑙, 𝑠 ′ , 𝑙 ′ ) × 𝑘𝑏𝑟𝑒𝑎𝑘 (𝑠 ′ , 𝑙′) × 𝑛(𝑠 ′ , 𝑙 ′ , 𝑡)𝑑𝑠 ′ 𝑑𝑙′

(Eq. 3.4)

where, 𝑏̇𝑏𝑟𝑒𝑎𝑘 (𝑠, 𝑙, 𝑡) is the birth rate of particles, 𝑑̇𝑏𝑟𝑒𝑎𝑘 (𝑠, 𝑙, 𝑡) is the death rate of particles,
𝑘𝑏𝑟𝑒𝑎𝑘 (𝑠, 𝑙) is the breakage probability , 𝐵𝑏𝑟𝑒𝑎𝑘 (𝑠, 𝑙, 𝑠 ′ , 𝑙 ′ ) is the daughter size distribution and
𝑛(𝑠, 𝑙, 𝑡) is the number of particles as a function of time, defined by the solid content, liquid
content in the particles. 𝑘𝑏𝑟𝑒𝑎𝑘 (𝑠, 𝑙) is directly related to the measured breakage probabilities,
and 𝐵𝑏𝑟𝑒𝑎𝑘 (𝑠, 𝑙, 𝑠 ′ , 𝑙 ′ ) are directly measured in this paper as a function of material properties and
screw geometry without conducting full granulation experiments and therefore provide a good
methodology for developing predictive PBM rate expressions for breakage [90].
3.3.6 Conclusions
The maximum size in CEs is determined by the space available between the two flights of the
conveying element and the barrel. For CEs, the breakage mechanism is primarily chipping, in
which granules larger than the maximum size undergo deformation or breakage. Granules
smaller than the maximum size do not experience breakage due to the low shearing
characteristics of the CEs. The dimensionless powder feed number accounts for the material
breakage as a function of the fill level in the granulator, and the number of breakage
opportunities represented by the product of the screw speed and the residence time in the CEs.
The powder feed number captures the influence of the two important process parameters, namely
the powder feed rate and the screw speed. The breakage probability of materials in CEs is a
strong function of the material DYS and the powder feed number. The breakage probability
increases as the material DYS decreases and as the powder feed number increases. The daughter
size distributions are not affected by the powder feed number, suggesting that the powder feed
number

does

alter

the

breakage

mechanism

in

the

CEs.

49

4. WET GRANULE BREAKAGE IN DISTRIBUTIVE MIXING
ELEMENTS

4.1

Introduction

Distributive mixing elements (DMEs), also known as comb mixer elements, cut and combine the
wet mass, resulting in better liquid distribution compared to conveying elements and monomodal
granule size distributions [91] (Section 2.2.2.2) [14–16]. DMEs produce rounded granules with
high porosity. The adjacent reverse DME configuration has been found to give the best granule
properties compared to other DME configurations [53]. Breakage and layering have been shown
to be the most important rate processes in this type of screw element. In this work, we focus
specifically on breakage.

4.2

Materials and Methods

4.2.1 Maximum Size Analysis
A microscope image of the DME was taken using a Nikon SMZ-1500 Stereoscopic Zoom
Microscope. The dimensions were measured using ImageJ 1.51d software. The geometry of the
DME was then constructed in SolidWorks 2014 SP5.0 CAD software using the microscope
images as reference. The maximum size of granules in DMEs was determined using computer
aided drafting (CAD) files of the elements using methods described in section 3.2.1. The
maximum size was governed by the space between the teeth of the DMEs and the granulator
barrel. Figure 4.1 shows the CAD geometry sphere analysis for the DMEs [90].
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Figure 4.1 CAD drawing of a sphere of maximum size placed in distributive mixing elements.
4.2.2 Breakage Specific Experiments in Distributive Mixing Elements
The effect of granule size on the breakage probability in DMEs was elucidated by performing
preliminary breakage experiments using Play Doh spheres at a screw speed of 400 RPM and
powder feed rate of 4 kg/h (powder feed number = 0.022). Spheres of diameter 1.0 ± 0.1 mm, 2.0
± 0.1 mm and 3.0 ± 0.1 mm were considered for the experiments and twenty spheres were
prepared for each diameter. For breakage specific experiments using the model materials,
cylindrical pellets of the model material systems of height 2 ± 0.1 mm and 3 ± 0.1 mm
(height/diameter = 1) were prepared using methods described in section 3.2.3. Twenty pellets
were prepared for each model material.
The breakage specific experiments were performed in a EuroLab 16 mm Twin Screw Granulator
(TSG), 25:1 length-to-diameter (L:D) ratio (Thermo Fisher Scientific, Karlsruhe, Germany), with
MCC as a free flowing powder medium in the TSG. The experiments were performed at
different screw speeds and powder feed rates, corresponding to different powder feed number
conditions in the granulator (Table 4.1) for the two sizes of model material pellets considered.
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Table 4.1 Experimental design of breakage specific experiments in distributive mixing elements.
Pellet size

Screw speed

Powder feed rate

Powder feed number

(mm)

(RPM)

(kg/h)

(-)

2

800

4

0.011

2

400

2

0.011

2

400

4

0.022

2

200

4

0.045

3

400

2

0.011

3

400

4

0.022

Figure 4.2 shows a schematic of the TSG, which is divided into six zones of length 60 mm each
and a 20 mm section on the end. The powder is fed from zone 4 for all experiments as shown in
the Figure 4.2. Three pairs of DMEs were used in the Adjacent Reverse configuration [53] as
shown in Figure 4.2. The DMEs were placed at the front end of the granulator with CEs placed
upstream to aid the transport of MCC into the DME zone. In order to make sure that the pellets
only encounter DMEs, the pellets were fed one by one from a small aperture in the center of the
20 mm section in front of zone 1 as shown in the figure.

Figure 4.2 Schematic of the experimental set up for breakage specific experiments in distributive
mixing elements.
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The breakage probability measurements and daughter size distribution analysis were performed
according to the methods similar to the CE breakage specific experiments (Section 3.2.4) for the
different powder feed numbers considered. The survivor shape characteristics were studied by
recording the side and top view images of a representative survivor pellet (powder feed number
= 0.022) for each model material using a Nikon SMZ-1500 Stereoscopic Zoom Microscope [90].

4.3

Results and Discussion

4.3.1 Geometric Analysis of Distributive Mixing Elements
Figure 4.1 shows a CAD drawing of the DMEs used in the current work enclosed in the barrel of
the granulator. Each DME has six teeth and the radius to the tip of the teeth is 7.8 mm. The
thickness of the blades of the DME is 1.69 mm. The region between two teeth of the screw
element and the barrel is the maximum space available for the material to pass in the DME
configuration of the granulator. The biggest possible sphere that can just fit in this space has a
diameter of 3.18 mm, which is then the maximum diameter in DMEs.
As mentioned in previously, a pellet in the CEs can follow two possible unobstructed paths that
offer a region of constant maximum size of 3.49 mm. However, in the case of DMEs, the
direction of flow of the material in the twin screw granulator is perpendicular to the direction of
rotation of the screw elements. Hence, there are two possible breakage mechanisms in DMEs:
1) Breakage of the pellet between the DME blades and the barrel
2) Breakage of the pellet by getting caught in the intermeshing zone of two DMEs.
It is important to consider both breakage mechanisms in a DME, as will be shown later [90].
4.3.2 Breakage in Distributive Mixing Elements: Effect of Granule Size and Formulation
Properties
Figure 4.3 shows the breakage probability of the Play Doh spheres as a function of the sphere
diameter for the DMEs at a screw speed of 400 RPM and powder feed rate of 4 kg/h (powder
feed number = 0.022). A 5% breakage probability represents one broken sphere. The scatter bars
represent plus and minus one standard deviation in the measurement from three replicate
experiments. It is interesting to note that unlike the CEs, which showed a significant increase of
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breakage probability from 0% to 100% as the size of the spheres is increased from 3 mm to 4
mm, the DMEs show a more gradual increase in breakage probability as the size of the sphere
increases from 2 mm to 3 mm. Furthermore, the DMEs show 100% breakage of the 3 mm
spheres, which is slightly smaller than the maximum size in these screw elements. The reason for
this last observation is explained later in this section. It is expected that granules larger than 3
mm will also show 100% breakage in DMEs.

Figure 4.3 Breakage probability of Play-Doh spheres of different diameters in distributive
mixing elements at a screw speed of 400 RPM and powder feed rate of 4 kg/h (powder feed
number = 0.022).

The model material breakage experiments in DMEs were conducted as described in Section 4.2.2
by using cylindrical pellets with heights (height = diameter) of 2 mm and 3 mm. Figure 4.4
shows the breakage probability as a function of the DYS for 3 mm and 2 mm pellets in the
DMEs for a powder feed rate of 4 kg/h and screw speed of 400 RPM (powder feed number =
0.022). All of the 3 mm pellets demonstrated breakage and showed zero survivors, independent
of the DYS. The breakage probability for the 2 mm pellets follows an interesting trend in which
materials having a DYS greater than 9 kPa show a constant breakage probability of 20%,
independent of the strength. One should note that the breakage probability of the 2 mm Play-Doh
spheres was also 20%, as shown in Figure 4.3. Section 4.3.1 showed that the maximum opening
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size in the DMEs is 3.18 mm. Even though the 2 mm pellets have dimensions smaller than the
maximum opening size in DMEs, breakage is observed for all of the materials considered.

Figure 4.4 Breakage probability as a function of dynamic yield strength for 3 mm and 2 mm
cylindrical pellets in distributive mixing elements at a screw speed of 400 RPM and powder feed
rate of 4 kg/h (powder feed number = 0.022). Horizontal scatter bars represent plus minus one
standard deviation in the DYS obtained from five replicate measurements.
The daughter size distribution of the 3 mm pellets and the 2 mm pellets aids in the understanding
of the breakage mechanisms in DMEs. The daughter size distribution for the 3 mm pellets at a
screw speed of 400 RPM and powder feed rate of 4 kg/h (powder feed number = 0.022) is shown
in Figure 4.5. The original size of the pellets is marked by the vertical dotted line in the figure.
The distribution is broader than those observed with CEs and is indicative of a crushing
mechanism. The daughter size distribution is similar for all materials of dynamic yield strength
greater than 9 kPa and shows a subtle shift to the left for the weaker materials.
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Figure 4.5 Daughter size distribution of 3 mm model material cylindrical pellets in distributive
mixing elements at a screw speed of 400 RPM and powder feed rate of 4 kg/h (powder feed
number = 0.022).
Figure 4.6 shows the daughter size distribution of the 2 mm pellets in the DMEs at a screw speed
of 400 RPM and powder feed rate of 4 kg/h (powder feed number = 0.022). The daughter size
distribution does not show a significant difference for all the materials considered. The weaker
materials showing slightly higher amount of fines as expected.
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Figure 4.6 Daughter size distribution of 2 mm model material cylindrical pellets in distributive
mixing elements.
As noted in Section 4.3.1, there are two possible breakage paths in DMEs. Chipping of the
pellets will occur if the pellet is pressed between the teeth of the DME and the barrel. The
crushing type breakage, on the other hand, will occur if the pellet is nipped in the intermeshing
zone of the DMEs and will result in complete breakage of material. The probability of crushing
breakage appears to be 20% for the 2 mm pellets and is independent of the DYS of the material.
This observation is unique to TSG, as breakage-specific studies performed in high shear
granulation show a strong dependence of breakage probability on material DYS [41]. There are
currently no references about the influence of DYS on the probability of crushing breakage in
TSG. All of the 3 mm pellets, in contrast, show crushing, as observed in Figure 4.5. As crushing
results in complete breakage, any pellet experiencing nipping is not expected to survive. Hence,
all the 2 mm survivor pellets experienced only chipping and did not get caught in the zone
between the two DMEs. The chipping breakage probability is a function of the DYS of the
material and increases as the DYS of the materials decreases. Materials having a DYS less than 9
kPa undergo both crushing and chipping breakage. On the other hand, materials having dynamic
yield strength greater than 9 kPa show breakage only due to crushing as they are strong enough
to resist chipping. It is important to note that the mode of the daughter size distribution is
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positioned at a sieve size of 1.70 mm (fragments in the sieve fraction 1.4-2.0 mm) for both 3 mm
and 2 mm pellets in the DME as shown in Figures 4.5 and 4.6, respectively. This size is equal to
the thickness of the blade of the DME, which is 1.69 mm as described in Section 4.3.1. This
result is because the pellets are sliced by the blades of the DMEs with fines generated in the
process. The daughter size distribution for the 3 mm pellets also shows some daughter pieces
having a mean size greater than 1.70 mm and is possibly due to parts of the pellet escaping the
intermeshing zone while traveling axially.
The chipping mechanism in the DMEs is different than in CEs. As mentioned previously, the
material flows in the axial direction while the DMEs rotate radially and perpendicular to the
direction of the flow of the granular mass. Hence, the survivors experience attrition from all
sides due to impact of the DME blade and do not have a preferential axis of breakage. Figure 4.7
shows the images of the 2 mm pellet survivors after passing through the DMEs at a screw speed
of 400 RPM and powder feed rate of 4 kg/h (powder feed number = 0.022). As mentioned
previously, all the survivor pellets experienced only chipping. The materials stronger than 9 kPa
show deformation of the pellet from all sides whereas the weaker materials demonstrate a larger
mass loss [90].
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Figure 4.7 Microscope images of top (left) and side (right) of representative 2 mm survivor
pellets from distributive mixing elements at a screw speed of 400 RPM and powder feed rate of 4
kg/h (powder feed number = 0.022) a) 0-10 μm glass ballotini with glycerol b) 63-90 μm glass
ballotini with silicone oil c) 125-180 μm glass ballotini with silicone oil d) 180-250 μm glass
ballotini with silicone oil e) 355-500 μm glass ballotini with silicone oil f) 63-90 μm glass
ballotini with glycerol g) 125-180 μm glass ballotini with glycerol h) 180-250 μm glass ballotini
with glycerol i) 355-500 μm glass ballotini with glycerol. Differences of color in the images are
due to changes in lighting used during measurement.
4.3.3 Breakage in Distributive Mixing Elements: Effect of Process Conditions
As described in Section 3.3.4, the powder feed number is a key dimensionless number to
describe the effect of the powder feed rate and the screw speed on the breakage characteristics of
granules in the TSG. For the 2 mm pellets in DMEs, breakage specific experiments were
performed for three different powder feed numbers (Section 4.2.2, Table 4.1). The breakage
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probability of the model materials as a function of the DYS is given in Figure 4.8 for powder
feed numbers of 0.011 (powder feed rate = 4 kg/h, screw speed = 800 RPM), 0.011 (powder feed
rate = 2 kg/h, screw speed = 400 RPM), 0.022 (powder feed rate = 4 kg/h, screw speed = 400
RPM), and 0.045 (powder feed rate = 4 kg/h, screw speed = 200 RPM).

Figure 4.8 Breakage probability as a function of dynamic yield strength for 2 mm cylindrical
pellets in distributive mixing elements at different powder feed numbers. Horizontal scatter bars
represent plus minus one standard deviation in the DYS obtained from five replicate
measurements.
Similar to observations made in case of CEs, the breakage probability increases with an increase
in the powder feed number for DMEs, primarily due to smaller free volume available for the wet
granular material, and larger number of breakage opportunities. It is also important to note that
the breakage probability for any given powder feed number is the same, regardless of the
individual powder feed rate and the screw speed, as represented by the breakage probabilities at
the powder feed number of 0.011 in Figure 4.8. This result also reconfirms the conclusion that
the interaction of the powder feed and screw speed is the most important parameter for wet
granule breakage, rather than individual effects of the two process parameters.
The breakage probabilities for the 3 mm model material pellets for two powder feed numbers
0.011 (powder feed rate = 2 kg/h, screw speed = 400 RPM) and 0.022 (powder feed rate = 4 kg/h,
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screw speed = 400 RPM) are shown in Figure 4.9. As expected, the breakage probability of the 3
mm pellets does not depend on the DYS or the powder feed number, as the 3 mm pellets are
larger than the maximum size in DMEs and undergo significant breakage due to granule crushing.

Figure 4.9 Breakage probability as a function of dynamic yield strength for 3 mm cylindrical
pellets in distributive mixing elements at different powder feed numbers.
The daughter size distributions are shown for the 2 mm pellets in Figure 4.10 (a) - (c) and for the
3 mm pellets in Figure 4.11. There is an increase in the mass fraction of fines for the weaker
materials at larger powder feed numbers in Figure 4.10, similar to CEs. However, the overall
shape of the distribution remains unchanged for the stronger, more practically relevant materials.
The daughter distribution for the 3 mm pellets for the two different powder feed numbers (0.022
and 0.011) can be compared in Figures 4.5 and 4.11, respectively. The daughter size distributions
for the model materials at both powder feed numbers are identical.
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Figure 4.10 Daughter size distribution of 2 mm cylindrical pellets for different model materials
in distributive mixing elements at (a) screw speed of 800 RPM and powder feed rate of 4 kg/h
(powder feed number = 0.011), (b) screw speed of 400 RPM and powder feed rate of 2 kg/h
(powder feed number = 0.011), and (c) screw speed of 200 RPM and powder feed rate of 4 kg/h
(powder feed number = 0.045).
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Figure 4.10 continued

Figure 4.11 Daughter size distribution of 3 mm model material cylindrical pellets in distributive
mixing elements at a screw speed of 400 RPM and powder feed rate of 2 kg/h (powder feed
number = 0.011).
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We can conclude that the powder feed number does not impact the daughter size distributions for
the 2 mm and 3 mm model material pellets, for the range of DYS of most interest to twin screw
wet granulation using DMEs. It is expected that the powder feed number will have little effect on
the granule size distributions using DMEs. However, it is important to consider the powder feed
number as a scale-up criteria, as it is likely to affect the breakage probabilities of the wet
granules in DMEs.
4.3.4 Understanding the Performance of Real Formulations in Distributive Mixing
Elements
Granule breakage in DMEs is a combination of chipping and crushing, and is characterized by
the mode of the distribution positioned at a size equal to the thickness of the DME blades. The
breakage in DMEs results in a broad monomodal granule size distribution with no dependence
on granule strength. Hence, the granule size distribution is expected to have a peak at a granule
size of 1.70 mm, which is the thickness of the DME blades. This trend has been observed in the
literature using the same scale of twin screw granulator geometry as used in this work [53].
These results help explain why TSG is relatively robust in the face of changing formulation
properties when compared to high shear wet granulation. Breakage is a key rate process that
determines granule size and liquid distribution in TSG. Most real formulations have DYS values
greater than 9 kPa [92,93] . Under these conditions, the breakage characteristics are a function of
process conditions only, especially screw element geometry, and not a function of granule
strength. This result suggests that measurement of the DYS of a new formulation is a quick and
easy screening test to determine whether or not results during design and scale up will be
sensitive to formulation [90].
As described in Section 3.3.5, the breakage probability and the daughter size distribution data
can be directly used in the population balance modeling (PBM) of twin screw granulation in the
breakage rate expression. The models for breakage probability and the daughter size distribution
for CEs and DMEs are considered in Chapter 5.
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4.4

Conclusions

The effect of formulation properties and screw element geometry was studied in a twin screw
granulator using breakage specific experiments. Breakage in DMEs is a combination of chipping
and crushing mechanisms. The maximum size in the DMEs depends on the space between the
teeth of the elements and the barrel. For granules greater than the critical size, 100% breakage is
observed independent of the DYS of the materials and results in a broad monomodal daughter
size distribution with mode corresponding to the thickness of the DME blades. The breakage
probability for granules smaller than the maximum size is dependent on the granule strength and
shows a combination of attrition and crushing breakage. The granule size distribution also
exhibits the mode at a size equal to the thickness of the DMEs.
The influence of process parameters can be explained by the dimensionless powder feed number.
An increase in the powder feed number increases the breakage probability, due to larger fill
levels in the granulator and greater number of breakage opportunities as the material transports
axially through the screws. However, the powder feed number has no impact on the breakage
probability of granules larger than the maximum size. The powder feed number increases the
mass fraction of fines for the weakest materials considered, but is expected to have little
influence on the granule size distributions of materials of industrial relevance.
The understanding of the geometric aspects of the screw elements and their effect on the
maximum size of granules from a Twin Screw Granulator is a step towards tailored granule size
distributions. By changing the geometry of the screw elements, it is possible to change the
maximum granule size produced by the granulator. By choosing a certain type and design of the
screw elements, the breakage mechanisms in the granulator can be modified resulting in broad
monomodal or bimodal granule size distributions. This understanding holds promise for
designing screw element geometries to achieve better control over granule properties.
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5. BREAKAGE MODELS FOR CONVEYING AND DISTRIBUTIVE
MIXING ELEMENTS

5.1

Introduction

Population balance model (PBM) frameworks have been developed for twin screw granulation
and are an excellent foundation for predictive modeling of the TSG. However, the PBM models
currently rely on the breakage kernels developed for high shear granulation, which results in
inaccuracies in the prediction of the granule properties from the TSG. The primary cause of the
resulting inaccuracies is regime separated operation of the TSG and the strong dependence of the
granule size on the geometry of the screw elements (Chapters 3 and 4), due to the small free
volume in the granulator. Development of breakage models specific to twin screw granulation is
essential to improving the performance of the PBM and have predictable performance by design
i.e. Quality by Design. This chapter will focus on developing preliminary breakage kernels and
daughter distribution functions for conveying and distributive mixing elements, based on the data
from the breakage specific experiments in the two geometries. The breakage kernel equation is
described by the breakage probability expression, and the daughter size distribution model is
given by the coarser cumulative mass fraction distribution.

5.2

Breakage Kernel Model for Conveying Elements (CEs)

The breakage probability in CEs is a strong function of the material DYS, the powder feed
number, and the granule size relative to the maximum size in CEs as calculated by the CAD
analysis. The breakage probability decreases with increase in the material DYS and a decrease in
the powder feed number. A modified Weibull breakage kernel was used for modeling the
breakage probability of 3 mm pellets in CEs as per equation 5.1.
9 (𝑘𝑃𝑎)

𝑃𝑏𝑟𝑒𝑎𝑘 = 1 − exp[−𝑎 × 𝑃𝐹𝑁 × (𝐷𝑌𝑆 (𝑘𝑃𝑎))]

Eq. (5.1)

where 𝑃𝑏𝑟𝑒𝑎𝑘 is the breakage probability of 3 mm granules in CEs, 𝑃𝐹𝑁 is the powder feed
number, and 𝑎 is a fitted constant.
The equation 5.1 describes a one parameter model for 3 mm pellets in CEs. As seen in Section
3.3.4, materials stronger than 9 kPa are able to resist breakage in CEs, for all the powder feed
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numbers considered. Hence, the DYS in equation 5.1 is non-dimensionalized by the 9 kPa
critical DYS for breakage in CEs. The parameter 𝑎 is estimated by the minimum sum of squared
errors regression analysis and was found to have the value 3.1 for the data obtained in the
breakage experiments. The functional form of the model also accounts for breakage probability
estimates when the DYS tends to 0 and infinity.
The results of the model fit are shown in Figure 5.1 (a)-(d), and the predicted breakage
probability matches well with the experimentally measured breakage probability (Figure 5.2).
Due to the discrete nature of the experimental data, the breakage probability of materials stronger
than 9 kPa was measured as zero. However, the model predicts an exponential decay of the
breakage probability with increasing DYS. It was found that the data was sufficiently fit by a one
parameter model given by equation 5.1. However, it is possible that there are other mathematical
functions that can be used to fit the data.
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Figure 5.1 Breakage probability model for 3 mm pellets in conveying elements at (a) screw
speed of 800 RPM and powder feed rate of 4 kg/h (powder feed number = 0.011), (b) screw
speed of 200 RPM and powder feed rate of 2 kg/h (powder feed number = 0.022), (c) screw
speed of 400 RPM and powder feed rate of 4 kg/h (powder feed number = 0.022), and (d) screw
speed of 200 RPM and powder feed rate of 4 kg/h (powder feed number = 0.045).
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Figure 5.2 Predicted versus measured breakage probability for 3 mm pellets in conveying
elements.
The breakage probability in CEs is a strong function of the granule size (Figure 3.8). The data in
Figure 3.8 shows that Play Doh (DYS = 13.5 ± 0.8 kPa) spheres of size 4 mm demonstrated 100%
breakage, indicating that 4 mm or larger granules are also expected to show complete breakage
in the CE geometry considered in this work, due to geometric considerations. Experiments
performed for 2 mm pellets (Figures 3.8 and 3.16) show zero breakage probability for all the
materials considered, and it can be concluded that the 2 mm granules will not show any breakage
in the CEs. It is expected that 1 mm granules will have zero breakage probability regardless of
the PFN and material DYS, given that all the 2 mm pellets were intact. Although it is known that
breakage probability is zero for 1 mm Play Doh spheres, there is no information about breakage
probability of materials weaker than Play Doh.
Based on the above observations the following model can be formulated for breakage probability
in CEs (Equation 5.2). Due to the discrete nature of the data collected, the breakage probability
for granule sizes between 2 mm, 3 mm, and 4 mm is not known.
0,
𝑃𝑏𝑟𝑒𝑎𝑘 = { 1 − exp [−3.1 × 𝑃𝐹𝑁 ×
1,

𝑥 ≤ 2 𝑚𝑚
9 (𝑘𝑃𝑎)
(𝐷𝑌𝑆 (𝑘𝑃𝑎))] ,

𝑥 = 3 𝑚𝑚
𝑥 ≥ 4 𝑚𝑚

Eq. (5.2)
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5.3

Breakage Kernel Model for Distributive Mixing Elements (DMEs)

The breakage probability in DMEs is a strong function of the screw geometry, DYS, and the
powder feed number (Figures 4.3, 4.4, and 4.8). As per in Section 4.3.2, there are two types of
granule breakage mechanisms described for DMEs, namely chipping of granules between the
DME teeth and the barrel, and nipping of granules in the intermeshing zone of the DME pairs.
As a result, granules smaller than maximum size in the DMEs and having DYS larger than 9 kPa
also undergo significant breakage. Accordingly, a modified form of equation 5.1 is proposed for
the breakage probability of 2 mm pellets in DMEs, given by equation 5.3.
9 (𝑘𝑃𝑎)

𝑃𝑏𝑟𝑒𝑎𝑘 = (1 − 𝑃) × (1 − exp [−𝑎 × 𝑃𝐹𝑁 × (𝐷𝑌𝑆 (𝑘𝑃𝑎))]) + 𝑃

Eq.(5.3)

where 𝑃𝑏𝑟𝑒𝑎𝑘 is the breakage probability of 2 mm granules in DMEs, 𝑃𝐹𝑁 is the powder feed
number, 𝑃 is the nipping breakage probability and a fitted constant, and 𝑎 is a fitted constant.
The equation 5.3 describes a two parameter model for breakage of the 2 mm pellets in DMEs, to
account for the two breakage mechanisms in the DMEs. The values of 𝑃 and 𝑎 were calculated
using the minimum sum of squared errors regression analysis and were found to be 0.1 and 3.4,
respectively. The two parameter model is adequately able to fit the breakage probability data for
the 2 mm pellets, as shown in Figures 5.3 (a)-(d) and 5.4. The suggested model is a modified
form of the Weibull breakage kernel which has been used for particle size reduction and
comminution processes. The model takes into account the non-zero breakage probability for
materials stronger than 9 kPa DYS due to nipping between two DME pairs.
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Figure 5.3 Breakage probability model for 2 mm pellets distributive mixing elements at (a) screw
speed of 800 RPM and powder feed rate of 4 kg/h (powder feed number = 0.011), (b) screw
speed of 400 RPM and powder feed rate of 2 kg/h (powder feed number = 0.011), (c) screw
speed of 400 RPM and powder feed rate of 4 kg/h (powder feed number = 0.022), and (d) (c)
screw speed of 200 RPM and powder feed rate of 4 kg/h (powder feed number = 0.045).
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Figure 5.4 Predicted versus measured breakage probability for 3 mm pellets in distributive
mixing elements.
Similar to CEs, the breakage probability in DMEs is also a strong function of the granule size.
As per Section 4.3.2, the 3 mm Play Doh spheres and 3 mm model material pellets displayed
complete breakage in DMEs. Hence, granules of size 3 mm or larger are expected to have 100%
breakage in DMEs, regardless of the material DYS or the powder feed number. Play Doh spheres
of size 1 mm did not have any breakage in the DMEs used in this work. However, the DYS of
Play Doh is larger than 9 kPa and it is expected to resist chipping in the DMEs. No information
is available regarding breakage probability of materials weaker than Play Doh when the granule
size is 1 mm or smaller. Furthermore, the breakage probability of granule sizes between 1 mm, 2
mm, and 3 mm in DMEs is not known owing to the discrete structure of the data obtained
experimentally. Based on the information from the breakage specific experiments, the overall
breakage probability model for DMEs is given by equation 5.4.
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0,

𝑥 = 1 𝑚𝑚, 𝐷𝑌𝑆 ≥ 9𝑘𝑃𝑎

𝑃𝑏𝑟𝑒𝑎𝑘 = { (1 − 0.1) × (1 − exp [−3.4 × 𝑃𝐹𝑁 ×

9 (𝑘𝑃𝑎)
(𝐷𝑌𝑆 (𝑘𝑃𝑎))])

+ 0.1,

1,

𝑥 = 2 𝑚𝑚
𝑥 ≥ 3 𝑚𝑚
Eq. (5.4)

5.4

Daughter Size Distribution Model for Conveying and Distributive Mixing Elements

The daughter size distribution model in this section is presented only for industrially relevant
formulations (DYS > 9 kPa). CEs are low shear transport elements that do not cause significant
breakage of granules. The daughter size range is divided into a number of bins based on the
number of sieves used, and is numbered as 𝑗 = 0 for the smallest mean sieve size of 605 µm to
𝑗 = 4 for the largest mean sieve size of 2400 µm, for the broken pellet pieces. An average of the
mass fraction distribution for the 3 mm pellets at the different powder feed numbers was
considered, and the cumulative mass fractions (coarser) were calculated for each mean sieve size
as per equation 5.5.
𝑄𝑚 (𝑥𝑖 ) = 1 − ∑𝑖𝑗=0 𝑥𝑖

Eq. (5.5)

where 𝑥𝑖 is the mass fraction in size bin i, and 𝑄𝑚 (𝑥𝑖 ) is the cumulative mass fraction (coarser).
The cumulative mass fraction (coarser) as a function of the normalized mean sieve size
represents the daughter size distribution, and is fitted with a one parameter power law model
given by equation 5.6. The mean sieve size is normalized by the size of the parent granule.
𝑥

𝑥 𝑛

𝑄𝑚 (𝑥 ) = 1 − (𝑥 )
𝑜

Eq. (5.6)

𝑜

𝑥

where 𝑥 is the mean daughter size, 𝑥𝑜 is the parent granule size, 𝑄𝑚 (𝑥 ) is the cumulative mass
𝑜

fraction (coarser), and 𝑛 is a fitted parameter with the value of 3.7.
The experimental data for the cumulative mass fraction (coarser) distribution for 3 mm pellets in
CEs and the corresponding power law model fit is presented in Figure 5.5. The one parameter
model is able to sufficiently fit the experimental data, and considers that no granule can break
into the size class of the parent granule. As a result, the cumulative mass fraction (coarser) for
the parent granule size is zero.
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Figure 5.5 Daughter size distribution function for breakage of 3 mm pellets in conveying
elements.
The daughter size distribution of formulations of industrial importance (DYS > 9 kPa) for 2 mm
and 3 mm pellets in the DMEs is independent of the DYS or the powder feed number. Similar to
the above approach, the average cumulative mass fraction (coarser) distribution is fitted by a
power law model (equation 5.6) and the values of 𝑛 for the distributions of the 2 mm and 3 mm
pellets are calculated using regression as 3.3 and 1.9, respectively. The fit of the data with the
model is presented in Figures 5.6 and 5.7.
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Figure 5.6 Daughter size distribution function for breakage of 2 mm pellets in distributive
mixing elements.

Figure 5.7 Daughter size distribution function for breakage of 3 mm pellets in distributive
mixing elements.
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Although the power law model is able to fit the experimental data considerably, it is possible to
find other forms of the daughter distribution function to fit the experimental data. It is important
to note that the power law is a one parameter model and increase in the number of parameters is
likely to demonstrate a better fit. Nevertheless, the power law model is one of the simplest
equations that can be used to model the daughter distribution function.

5.5

Conclusions

This chapter describes the preliminary models for the breakage kernel and the daughter size
distribution in CEs and DMEs. The breakage kernel model for the 3 mm pellets in CEs is based
on a modified form of the Weibull breakage kernel. The model was further modified for
breakage of 2 mm pellets in DMEs to incorporate the two breakage mechanisms of pellet
chipping and nipping, as observed experimentally. A piecewise breakage kernel is proposed for
breakage in CEs and DMEs in accordance with the available breakage probability data obtained
experimentally. The daughter size distribution data was adequately fitted by a one parameter
power law model for 3 mm pellets in CEs and 2 mm and 3 mm pellets in DMEs.
The data obtained from the breakage specific experiments can be directly used for the
formulation of the breakage rate expression and the daughter size distribution function. This
work highlights the importance of fundamental rate process isolating experiments to aid in
development of rate process models for twin screw granulation.
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6. EXPERIMENTAL VALIDATION USING INDUSTRIALLY
RELEVANT FORMULATIONS IN DISTRIBUTIVE MIXING
ELEMENTS

6.1

Introduction

The Twin Screw Granulator (TSG) is becoming increasingly considered for the continuous
manufacture of pharmaceutical products due to its compact size, flexible design, wide range of
capacities, and short residence time [9,94]. A TSG offers processing condition flexibility such as
screw speed, powder feed rate, liquid-to-solid ratio (L/S ratio), and screw configuration for a
wide variety of formulations. The effects of L/S ratio, powder feed rate, screw configurations,
and screw speed have been previously reported in the literature [11–15,17,54,71]. However, little
is known about the effects of formulation changes on granule properties using various screw
designs.
As mentioned previously, distributive mixing elements give broad, monomodal granule size
distributions and rounded, high porosity granules. Distributive mixing elements (DMEs) can
produce granules with good liquid distribution without adversely affecting granule shape and
porosity, unlike kneading elements [13]. There has been little study of the impact of formulation
properties on the final granule attributes of different industrially relevant multicomponent
formulations using distributive mixing elements. In this work, the effects of API particle size and
concentration on the final granule characteristics using DMEs have been studied.

6.2

Materials and Methods

6.2.1 Materials
Three different active pharmaceutical ingredients (APIs) were considered for blend preparation:
caffeine (BASF, Germany), micronized acetaminophen (micronized APAP) (Mallinckrodt,
Derbyshire, UK), and semifine acetaminophen (semifine APAP) (Mallinckrodt, Derbyshire, UK).
The high drug-load formulations consisted of 70.0% API, 16.5% mannitol (Pearlitol 160C,
Roquette Pharma, Lestrem, France), 5.4% microcrystalline cellulose (MCC) (Avicel PH101,
FMC Biopolymer, Wallingstown, Ireland), 5.1% sodium starch glycolate (SSG) (Glycolys,
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Roquette Pharma, Lestrem, France), and 3.0% hydroxypropyl cellulose (HPC) (Klucel EXF
Pharm, Ashland, Hopewell, USA). The low drug-load formulations consisted of 30.3% API, 46.5%
mannitol, 12.5% MCC, 5.1% SSG, and 3.0% HPC.
All the blend components were mixed in a Tote blender (Tote Systems, Fort Worth, USA, 5 L
capacity, fill level ~ 2/3rd of total volume) at 16 RPM for 40 minutes, with a sieving step after the
first 20 minutes using a 4 mm sieve to break up any large lumps. Twenty metal beads (12.7 mm
diameter) were added to the mixture during blending to prevent the formation of large
agglomerates. Deionized water with 0.1% w/w Nigrosin dye (Sigma Aldrich Corp., St. Louis,
MO) was used as the granulating liquid for all the granulation experiments.
6.2.2 Raw Material Particle Size Distribution and Particle Shape
The particle size distributions for each API and excipient were measured using a wet dispersion
laser diffraction technique (Malvern Mastersizer 2000 Light Diffraction Particle Size Analyzer).
A saturated solution of acetaminophen in deionized water was used as the dispersant for both
micronized and semifine APAP and a saturated solution in ethanol was used as the dispersant for
caffeine, mannitol, and MCC. The particle size distributions of SSG and HPC were measured
using the dry dispersion laser diffraction technique (Malvern Mastersizer 3000 Light Diffraction
Particle Size Analyzer), due to the tendency of these materials to swell when wet. Three replicate
measurements were performed on samples obtained from different locations in the bulk. The
shape of the API particles was measured by microscopy imaging of particles dispersed on a glass
slide using a Malvern Morphologi G3SE-ID. Air at 5 bar pressure was used to disperse the API
on a glass plate prior to imaging, to ensure deagglomeration of the API. API solubility in the
granulating liquid was determined using data from the literature [95,96].
6.2.3 Blend Flow Property Measurements
The bulk and tapped densities of the blends were measured using a graduated measuring cylinder
and three replicate measurements were performed for each blend. For tapped density
measurements, the powder bed was subjected to 2000 taps using an Agilent 350 Tapped Density
analyzer. The Hausner ratio was calculated using the bulk and tapped densities. The flow
properties of the blends were measured using the FT4 Powder Rheometer (Freeman Technology,
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Gloucestershire, UK). The powder sample was placed in a 50 mm x 80 ml split vessel and shear
cell measurements were performed at 0.5, 1 and 2 kPa pre-consolidation stresses.
6.2.4 Drop Penetration Time
The powder bed for drop penetration time measurements was prepared using the FT4 Powder
Rheometer (Freeman Technology, Gloucestershire, UK). The powder sample was placed in a 50
mm x 80 ml split vessel and was subject to seven conditioning cycles using the 50 mm blade,
followed by splitting of the powder bed to obtain a smooth powder surface. A 20 ml syringe with
a 1.6 mm ID syringe tip was filled with deionized water as the granulating liquid and held in
place at a distance of 20 mm above the powder surface using a clamp. Single drops were released
from the syringe on the powder surface. A high speed camera (Photron Fastcam- X 1024 PCI)
was used to record drop penetration into the powder bed. The drop penetration time was
determined using ImageJ 1.51h software. Ten replicate measurements were performed for each
sample.
6.2.5 Dynamic Yield Strength (DYS)
For the DYS measurement, the powder (blend) and the granulating liquid (water) were mixed in
a plastic bag at the desired L/S ratio and cylindrical pellets of diameter 25 mm (diameter = height)
were prepared using a hand punch and die set to give the desired solid fraction. The DYSs for the
blends were measured at liquid-to-solid (L/S, w/w) ratios of 0.25, 0.35, and 0.45 and a bed solid
fraction of 0.58. Pellets that would hold together under gravity at L/S ratios smaller than 0.25
could not be formed due to insufficient granulating liquid. L/S ratios larger than 0.45 resulted in
near slurries.

Hence, the only the range from 0.25 to 0.45 was considered for DYS

measurements.
The solid fraction of 0.58 was chosen since it is approximately the same as the average solid
fraction of the granules produced. The L/S ratio and solid fraction of the pellets were maintained
within 10% of the target value. The DYS was measured using an Instron ElectroPuls E1000
material testing system with a platen impact speed of 10 mm/s. Actual particle impact speeds in
the TSG under the operating conditions in this work are not known. Typical particle impact
speeds in a high shear batch granulator have been estimated to be 10-20% of the impeller tip
speed [97–99]. Hence, the platen speed used in this study is of the same order of magnitude as 10%
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of the screw tip speed. The results are plotted as the average of at least three replicate
experiments with ± 95% confidence interval as a scatter bar.
6.2.6 Twin Screw Granulation Experiments
The granulation experiments were performed in a EuroLab 16 mm 25:1 length:diameter ratio
TSG (Thermo Fisher Scientific, Karlsruhe, Germany). The TSG is divided into six sections, each
with a length of 60 mm and an end section, which has a length 20 mm. A schematic of the
experimental set-up is shown in Figure 6.1.

Figure 6.1 Experimental set up for the twin screw granulation experiments using Distributive
Mixing Elements. Sections 1 to 6 have a length of 60 mm each.
The screw configuration consisted of three pairs of DMEs placed in an adjacent-reverse
configuration [53] with three pairs of double-flighted 1 L/D (length/diameter) conveying
elements (CEs) placed downstream to promote granule layering. The powder was fed using a
gravimetric feeder (Brabender Technologie, ON, Canada) and the granulating liquid was fed
using a Masterflex peristaltic pump at appropriate flow rates to achieve the desired L/S ratio. All
experiments were performed at a 4 kg/h powder flow rate. The experiments for 30% API blends
were performed at a screw speed of 400 RPM whereas a screw speed of 800 RPM was used for
all of the 70% API blends granulation experiments. The 70% API blends were cohesive and
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difficult to flow (Section 6.2.3) and, thus, a screw speed of 800 RPM was required to prevent
bridge formation and powder backup in the powder feed port. Although the screw speeds for the
granulation of 30% and 70% API blends were different, it is known in case of conveying and
kneading elements that screw speed does not have a significant effect on the final granule size
distribution [71]. The granules were tray dried for 48 h prior to further characterization.
6.2.7 Granule/Blend Size Distribution
The granule and dry blend size distribution was measured by sieve analysis using sieves ranging
from 63 μm to 8 mm in a √2 geometric series. The size distributions were plotted as the
normalized mass frequency distribution of the logarithm of the particle size:
𝑓𝑖 (𝑙𝑛 𝑥) =

𝑦𝑖
𝑙𝑛(𝑥̅ 𝑖+1 ⁄𝑥̅ 𝑖 )

,

Eq. (6.1)

where 𝑦𝑖 is the mass fraction in size interval 𝑖 and 𝑥̅𝑖 is the mean sieve size corresponding to
interval 𝑖.
6.2.8 Granule Porosity
The skeletal density of the granules was measured using an Accupyc II 1340 helium pycnometer
(Micromeritics, GA, USA) followed by envelope density measurements performed using the
Geopyc 1360 powder pycnometer (Micromeritics, GA, USA). The granules in the size fraction
1.0 – 1.4 mm were chosen for porosity measurements as it is the smallest granule size for
accurate measurement using the powder pycnometer. The granules were placed in a desiccator
for at least 8 h prior to the measurement to minimize the interference of moisture during the
analysis. The porosity of granules was calculated using the skeletal and envelope densities:
𝜌

𝜀𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝑠 = 1 − 𝜌𝑒
𝑠

Eq. (6.2)

where 𝜌𝑒 and 𝜌𝑠 are the envelope and skeletal densities, respectively. The average result of three
replicate measurements has been reported.
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6.3

Results and Discussion

6.3.1 Raw Material Characterization
The particle size analyses of the three APIs and the excipients with ± 95% confidence interval
are given in Table 6.1. The corresponding volume frequency distributions are shown in Figure
6.2.
The particle size distribution analyses of the APIs show that semifine APAP has the largest
average particle size whereas micronized APAP has the smallest average particle size among the
three APIs (see Table 6.1 and Figure 6.2). Furthermore, the semifine APAP size distribution is
broader (span =

𝑑90 −𝑑10
𝑑50

= 2.68) compared to the micronized APAP (span = 1.98) and the

caffeine distribution (span = 1.77). The Sauter mean diameter is an important measure of particle
size distribution because it is reflected in the drop penetration time model and the DYS as
described in Section 2.1.1. The Sauter mean diameter of the semifine APAP is larger than the
micronized APAP and caffeine. The average particle size of the mannitol is larger than all three
APIs, while the MCC and HPC have a size distribution similar to the semifine APAP. It is worth
noting that the Sauter mean diameter of MCC is larger than the semifine APAP.

Table 6.1 Particle size distribution parameters, measured using laser diffraction, for the APIs and excipients. All measurements are in
units of microns. The average of three replicates with ± 95% confidence interval is given.
Size distribution

Micronized

Semifine

parameter (μm)

APAP

APAP

7.2 ± 0.7

Caffeine

Mannitol

MCC

HPC

SSG

23.2 ± 4.9

9.2 ± 3.1

54.3 ± 7.6

83.4 ± 0.4

38.2 ± 0.9

37.7 ± 0.5

23.6 ± 2.8

98.8 ± 16.0

40.3 ± 5.9

191.2 ± 22.3

28.8 ± 1.6

84.8 ± 0.6

45.8 ± 0.1

d10

5.4 ± 0.9

18.3 ± 2.5

11.0 ±7.6

38.9 ± 2.7

21.9 ± 0.2

19.8 ± 0.9

23.0 ± 0.7

d50 (median)

20.5 ± 2.7

71.9 ± 12.5

36.1 ± 4.0

140.8 ± 9.8

72.9 ± 1.3

67.0 ± 0.7

42.8 ± 0.4

d90

46.0 ± 5.0

210.9 ± 39.3

75.0 ± 7.7

422.3 ± 59.4

160.5 ± 2.9

174.7 ± 3.8

73.2 ± 1.0

d3,2
(Sauter mean
diameter)
d4,3
(weighted average
volume diameter)
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Figure 6.2 Average volume based particle size distributions, measured using laser diffraction, for
the APIs and excipients. All excipient particle size distributions are shown as dashed lines.
Table 6.2 lists the solubility and the particle shape parameters for the three APIs considered. The
variations in circularity and aspect ratio indicate minor differences in the particle shape and these
differences are not expected to affect the blend properties considerably. Caffeine has a larger
solubility in water, which is the granulating liquid used for the wet granulation experiments.
Thus, caffeine is expected to have a stronger tendency for solubilization during wet granulation
of the caffeine blends and consequent recrystallization during the drying of the wet granules.
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Table 6.2 Average particle shape parameters with ± 95% confidence interval from three replicate
experiments, and solubility in water for caffeine, micronized APAP, and semifine APAP [95,96].
Solubility in water

API

Circularity

Aspect ratio

Caffeine

0.58 ± 0.11

0.61 ± 0.03

21

Micronized APAP

0.62 ± 0.03

0.61 ± 0.04

14

Semifine APAP

0.59 ± 0.12

0.57 ± 0.14

14

(g/L at 25oC)

The bulk and tapped densities of the 30% and 70% API blends are listed in Table 6.3. Although
the bulk and tapped densities of the 30% blends are somewhat larger than the 70% blends, the
Hausner ratios of all the blends are similar. The Hausner ratio is a measure of flowability and as
a rule of thumb, a Hausner ratio larger than 1.25 indicates poorly flowing powder. According to
the Hausner ratio, all of the blends are poorly flowing materials. This result was particularly
evident during feeding of the material into the TSG. This result is also evident in the shear cell
analysis of the blends (Figure 6.3), which shows that all blends have a flow factor smaller than 4,
indicating poorly flowing cohesive material according to Schulze [100]. The 30% blends have a
larger flow factor, which confirms that the larger excipient concentration resulted in better blend
flow properties. This result was particularly evident during feeding of the material into the TSG.
For the 70% blends, the feeder’s rubber hopper had to be lined with paper to reduce wall friction
and improve the flow of the blend into the TSG. Furthermore, the screw speed for the twin screw
granulation experiments of the 70% blends was set to 800 RPM instead of 400 RPM to break the
formation of powder bridges in the powder feed port of the TSG. The 30% and 70% blends have
similar bed porosity values. This result indicates that a variation in the API primary particle size
or small differences in particle shape factors, as shown in Table 6.2, do not affect the packing of
the particles in the bulk of the powder bed.
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Table 6.3 Bulk and tapped densities of the 30% and 70% API blends. The average of three
replicates with ± 95% confidence interval is shown.
Poured bulk

Tapped density

Hausner

Poured bed

Tapped bed

density (g/ml)

(g/ml)

ratio

porosity

porosity

30% micronized APAP

0.40 ± 0.02

0.66 ± 0.03

1.63 ± 0.07

0.72 ± 0.02

0.54 ± 0.02

30% caffeine

0.45 ± 0.04

0.73 ± 0.03

1.62 ± 0.08

0.70 ± 0.02

0.51 ± 0.02

30% semifine APAP

0.45 ± 0.02

0.68 ± 0.03

1.50 ± 0.11

0.69 ± 0.02

0.53 ± 0.02

70% micronized APAP

0.254 ± 0.024

0.41 ± 0.03

1.61 ± 0.23

0.81 ± 0.02

0.70 ± 0.02

70% caffeine

0.33 ± 0.03

0.53 ± 0.03

1.61 ± 0.14

0.78 ± 0.02

0.64 ± 0.02

70% semifine APAP

0.301 ± 0.049

0.54 ± 0.02

1.81 ± 0.25

0.78 ± 0.04

0.60 ± 0.02

Blend name

Figure 6.3 Flow factors measured using shear cell in FT4 rheometer.
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The expected dry blend size distribution of the 30% and the 70% blends based on the measured
raw material particle size distribution is shown in Figure 6.4. Although the primary particle sizes
of all three APIs are different, it is important to note that significant fractions of all three APIs
are smaller than the smallest sieve size (63 µm) used in the analysis. Hence, it is expected that a
fines peak will be observed at the smallest mean sieve size for all three APIs (Figure 6.4).

Figure 6.4 Size distributions of the 30% and 70% blends estimated from the raw material
primary particle size distributions.
Figure 6.5 shows the size distributions of the 30% and 70% APAP and caffeine dry blends
measured by sieve analysis. The 30% caffeine blend shows a larger fraction of - 63μm material
than the 30% semifine APAP blend. The 30% micronized APAP blend shows a significantly
smaller mass of fines than the 30% semifine and caffeine blends despite micronized APAP
having the smallest primary particle size among the three APIs. Micronized APAP forms dry
agglomerates that do not break during sieving. This effect is pronounced in the 70% blends
where a significant proportion of large agglomerates are observed, as the concentrations of the
free-flowing excipients are significantly smaller than in the 30% blends. The sieve analysis of
the 70% caffeine blend shows a fines peak corresponding to the caffeine primary particle size.
However, the 70% semifine and micronized APAP blends show a peak at a sieve size
significantly larger than the primary particle size of the API due to dry agglomeration.
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Figure 6.5 Sieve analyses of 30% and 70% API dry blends.
The experimentally measured drop penetration times and Sauter mean diameters of the six dry
blends, calculated from the dry blend size distribution measured by sieve analysis (Figure 6.5),
are given in Table 6.4.
Table 6.4 Drop penetration times in the 30% and 70% API blends and Sauter mean diameters of
dry blends obtained by sieve analysis. Drop penetration time data is shown as average of at least
ten replicates ± one standard deviation.
Drop penetration

Sauter mean diameter d3,2 from

time (s)

dry blend sieve analyses (µm)

30% semifine APAP blend

5.0 ± 0.9

97.5

30% micronized APAP blend

5.7 ± 0.4

125.0

30% caffeine blend

5.0 ± 0.4

96.5

70% semifine APAP blend

5.3 ± 0.8

133.4

70% micronized APAP blend

5.3 ± 1.0

159.3

70% caffeine blend

5.4 ± 1.0

83.8

Blend name
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The drop penetration times for all the blends are similar. This result suggests that the nucleation
rates in all the blends will be similar, and all blends are easily wet by the binder liquid. This
result is surprising given the differences in API primary particle size distribution (Figure 6.2) and
may be because of the presence of MCC or caffeine in the blends. The model described in
Section 2.1.1 assumes that the liquid drop penetration is solely governed by the capillary suction
in the powder bed, as given by the Washburn equation, and does not account for the liquid
absorption by the powder particles [1]. It is known that MCC particles absorb water, rendering
less water available for granulation [19]. It is also known that caffeine forms hydrate chains on
contact with water [101]. It is likely that these factors influence the drop penetration time and
may cancel the effects of the API particle size differences. Since the nucleation behavior of all
the formulations considered in this work is expected to be similar, any differences in granule
properties would be primarily due to differences in the breakage behavior.
Figure 6.6 shows the DYS values of the 30% and 70% API blends as functions of the L/S ratio.
The DYS of the 30% caffeine blend is approximately two times larger than the 30% APAP
blends, whereas the DYS of the 70% caffeine blend is approximately four times that of the 70%
APAP blends. The micronized APAP blends have larger dynamic yield strengths than the
semifine APAP blends for all of the L/S ratios considered. It is important to note that there are
several factors that affect the particle-particle and particle-liquid interactions, which in turn,
affect the DYS of the material. It is known that caffeine forms hydrate chains and it is possible
that the nature and number of liquid bridges in the caffeine blends are significantly different than
the APAP blends, resulting in differences in the DYS [101]. As stated in Section 2.1.2, the
granule breakage rate is a function of the DYS. The API blends in this work span a one order of
magnitude range of DYS values, and are ideal for studying the effect of granule strength on the
breakage in TSG.
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Figure 6.6 Dynamic yield strengths of a) 30% API blends and b) 70% API blends at different L/S
ratios. Scatter bars represent ± 95% confidence interval from at least three replicate
measurements.
6.3.2 Effect of Formulation Properties on Granule Size Distribution and Porosity
The granule size distribution of the 30% and 70% API blends at four different L/S ratios are
shown in Figure 6.7 and 6.10 respectively. Repeat experiments were performed for the 30%
APAP blends to assess the reproducibility of the experiments and the data from the two replicate
experiments were found to be similar. The average data are plotted in Figure 6.7 for plot clarity.
The data from the two replicate experiments are shown in Figures 6.8 and 6.9. The size
distribution shifts to the larger granule sizes as the L/S ratio increases. An increase in the L/S
ratio results in increased availability of liquid for granulation, contributing to granule growth.
The granule size distribution is monomodal and granules are obtained primarily in the size range
of 100-2000 μm. This behavior is characteristic of DMEs [53].
Figures 6.7 and 6.10 show that both the choice of API, and the amount of API in the blend, have
a much smaller impact on the granule size distribution than the L/S ratio, despite the DYS of the
granules made from these blends varying over one order of magnitude. In general, the granule
mean size is higher for 30% blends than 70% blends, and caffeine blends gave higher mean size
than the APAP blends (see Figure 6.11). These differences were statistically significant (see
Tables 6.5 and 6.6). The 30% blends contain more MCC, which absorbs some of the moisture
making it unavailable for granulation. We hypothesize that this is the main reason why granule
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mean size does not increase as rapidly with increasing L/S ratio for the 30% blends, compared to
the 70% blends.

Figure 6.7 Granule size distributions of the 30% API blends at L/S ratios of 0.15, 0.2, 0.25, and
0.3 using distributive mixing elements. Average data is shown for plot clarity.
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Figure 6.8 Comparison of replicate experiments for 30% micronized APAP blend at different
L/S ratios.
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Figure 6.9 Comparison of replicate experiments for 30% semifine APAP blend at different L/S
ratios.
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Figure 6.10 Granule size distributions of the 70% API blends at L/S ratios of 0.15, 0.2, 0.25, and
0.3 using distributive mixing elements.
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Figure 6.11 (a) Granule d3,2 and (2) d50 values plotted as a function of L/S ratio for 30% and 70%
API blends.
Table 6.5 Analysis of Variance results for d3,2.

Source
L/S ratio
API type*L/S ratio
API concentration
API type

Degrees of
Freedom
1
2
1
2

Sum of Squares

F Ratio

P Value

771231.7
23922.2
10972.5
11296.0

411.369
6.380
5.853
3.013

0.000
0.006
0.023
0.067

Table 6.6 Analysis of Variance results for d50.

Source
L/S ratio
API type
API type*L/S ratio
API concentration

Degrees of
Freedom
1
2
2
1

Sum of Squares

F Ratio

P Value

2954646.5
93636.2
86774.8
53738

418.138
6.626
6.140
7.605

0.000
0.005
0.007
0.011

It is interesting to observe the insensitivity of the granule size distribution to formulation
properties for both the 30% and 70% blends despite significant differences in material DYS. The
stronger caffeine blend does give slightly larger granules, but the effect is relatively small. We
have shown in single granule breakage model studies that materials stronger than 9 kPa DYS do
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not show appreciable differences in their breakage characteristics using DMEs in TSG and their
breakage probability is independent of the DYS, yielding a daughter size distribution shape that
is monomodal, representative of granule crushing [90]. In this study, the dynamic yield stress of
all the blends considered have a value larger than 9 kPa for all of the L/S ratios considered.
Hence, it is not surprising that granule dynamic yield strength has limited impact on the granule
size distribution. It is also interesting to observe in Figures 6.7 and 6.10 that all granules are
smaller than 3 mm. As explained in the literature [90], DMEs break any granules larger than 3.2
mm due to the equivalent sphere size of the maximum available free volume being equal to 3.2
mm. Thus, the granule size distributions using DMEs are a strong function of the geometry of
the screw elements and depend relatively little on the formulation properties, at least for DYSs
larger than a critical value (9 kPa).
An ANOVA test was performed for the d50 and d3,2 of the granule size distributions at a 95%
confidence interval considering API type, concentration, and L/S ratio as the source parameters
(Tables 6.5 and 6.6). It was found that the L/S ratio had the largest influence on the d50 and d3,2
values (p value = 0). The API type, concentration, and the interaction between API type and L/S
ratio had a less significant effect on the d50 and d3,2 values compared to L/S ratio. All other
interaction parameters were statistically insignificant (p values >> 0.05). The granule growth at
increasing L/S ratios is evident in the trend of the d3,2 and d50 of the granules as a function of the
L/S ratio for both high and low drug dose blends (Figure 6.11).

Figure 6.12 Granule porosity as a function of L/S ratio for 30% and 70% API blends. Points are
the average of three replicate measurements with ± 95% confidence intervals indicated by the
scatter bars.
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Figure 6.12 plots the porosities of the 30% and 70% blends as functions of the L/S ratio. All of
the 30% blends show similar porosity at a given L/S ratio, whereas the 70% blends show
significant differences in porosity for a given L/S ratio. The 70% caffeine blend has a larger
porosity compared to the 70% APAP blends. The large difference in porosity is likely to
primarily arise from the DYS of the 70% caffeine blend being significantly larger than the 70%
APAP blends. Other possible contributing factors such as differences in the packing density or
solubility of the API are not able to account for the large differences in porosity. Differences in
the packing of the API particles within the blend can result in differences in consolidation rates,
as the packing affects the minimum porosity [1,25]. However, no significant differences in bulk
and tapped porosity were observed (Table 6.3) that can explain the large granule porosity for the
70% caffeine blend. Furthermore, normalization by the tapped bed porosity does not neutralize
the differences in the granule porosity, indicating that the variation in granule porosity is not a
result of differences in bed porosity. Solubility of the API in the granulating liquid can also result
in decreased API availability in the solid phase during consolidation. Although caffeine shows a
larger solubility in the granulating liquid than the APAP (Table 6.2), the difference in the
amounts of API dissolved in the granulating liquid at the largest L/S ratio is only 0.3% of the
total powder flow rate. This difference is not significant enough to explain such a large
difference in granule porosity. It is also important to note that the 30% blends showed similar
porosity values despite differences in API solubility in the granulating liquid. Thus, it is most
likely that the DYS of the 70% caffeine blend, being notably larger than the 70% APAP blends,
results in a larger resistance of the 70% caffeine blend to compaction. The porosity of the
granules decreases as the L/S ratio increases. This observation is consistent with the literature
[18]. Granules at the smallest L/S ratio have a porosity of 50% or larger, indicating that the use
of distributive mixing elements does not result in dense granules.

6.4

Formulation Behavior during Twin Screw Wet Granulation using Distributive
Mixing Elements

In twin screw granulation, the liquid is often added into the granulator using a drip nozzle,
resulting in large nuclei sizes. The chopping and smearing of wet mass in DMEs produces
excellent liquid distribution regardless of granule strength.

The resulting daughter size
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distribution is broad and monomodal. This behavior is observed in the granule size distributions
of both the low and high drug loading formulations despite a wide variation in the DYSs. While
the size distribution of the granules is robust to changes in formulation properties, it is a strong
function of the L/S ratio. It is important to note that granules formed using DMEs are smaller
than 3.2 mm. These features result from the geometry of the screw elements as described
elsewhere [90]. The granule porosity is sensitive to L/S ratio as well as the formulation’s DYS.
Formulations with larger DYSs have a larger resistance to granule compaction and result in more
porous granules. Although consolidation models have not yet been developed specifically for
twin screw granulation, the consolidation rate based on high shear granulation has been used for
twin screw granulation and has an exponential dependence on the granule Stokes deformation
number [25,75]. Hence, differences in material DYS will be reflected strongly in granule
porosity values.
The granule size distribution and the granule porosity are strong functions of the L/S ratio during
wet granulation. While the granule size distribution using DMEs is robust regardless of the type
or concentration of API, the granule porosity is sensitive to the material DYS.

6.5

Conclusions

The effects of API particle size and concentration on the final granule attributes using DMEs are
considered in this work. The key conclusions from this work are:
1) The type and concentration of API strongly influences the sieve analysis of dry blends
due to the formation of dry API agglomerates.

This effect decreases as the API

concentration decreases.
2) The dynamic yield strengths of the caffeine blends are larger than the APAP blends and
this effect is more pronounced at higher API concentrations.
3) Since the drop penetration times of all the formulations tested here were similar, granule
differences due to differences in nucleation behavior were not observed. The effects of
differences in drop penetration time in DMEs remain to be studied.
4) Although breakage is an important rate process in twin screw granulation, granule size
distributions formed using DMEs are insensitive to variations in wet granule dynamic
yield strength and are only dependent on screw element geometry and L/S ratio. The
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granules formed using the current distributive mixing elements are smaller than 3 mm as
governed by the geometry of the screw elements.
5) The granule porosity is also a strong function of the L/S ratio, but unlike the granule size
distribution, is dependent on the wet granule dynamic yield strength. Materials forming
granules with higher dynamic yield strength form more porous granules due to having a
larger resistance to granule consolidation and densification.
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7. EXPERIMENTAL VALIDATION USING INDUSTRIALLY
RELEVANT FORMULATIONS IN CONVEYING ELEMENTS

7.1

Introduction

As shown in Chapter 3, the maximum granule size in conveying elements (CEs) is equal to the
maximum diameter of a sphere that can fit in the region between the CE flights and the
granulator barrel [90]. It was observed in the literature that as the pitch of the CEs decreases,
there is an increase in the granule porosity and the mass fraction of fine and oversized granules
[17]. The bimodal size distribution arises from the low shear behavior of CEs, resulting in large
mass fraction of fines. It is hypothesized that the distance between the flights of the CE
significantly influences the extent of breakage in CEs [7].
Screw geometry also plays a significant role during scale-up of the twin screw granulator. The
influence of Froude number, liquid to solid mass ratio, granulator scale, and powder feed number
was studied on the granule size distribution, liquid distribution, and granule porosity using the
distributive feed screw design [71]. Process parameters, represented by the Froude number and
the powder feed number, had little to no influence on the granule properties [71]. In contrast, it
was found that the granule d90 varied linearly with the screw diameter, indicating that the screw
geometry directly affects the large granule sizes. Similar conclusions were obtained for a
kneading and conveying element screw configuration at two different granulator scales, with a
higher fraction of large granules observed in the large scale granulator [102]. Since screw
element geometry has been shown to have a significant effect on granule properties during scaleup of the twin screw granulator, it is essential to study how the element geometry quantitatively
affects the critical quality attributes of granules in order to develop effective scaling rules.
In this study, we have developed a quantitative correlation between the granule properties and
the screw element geometry in CEs. We have also presented a proof-of-concept for 3D printing
of screw elements as a cost-effective method for developing new screw element geometries.
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7.2

Materials and Methods

7.2.1 Element Geometry Analysis and Conveying Element Designs
The dimensions of the open volume in CEs were determined using Computer Aided Drafting
(CAD) files of the screw elements. The diameter of the largest sphere that could fit between the
screw element and the barrel was used as an estimate of the largest granule size that could be
produced by the element, and was determined from the CAD geometry. Three geometries of
double-flighted CEs were considered based on the CE screw lead length to screw diameter ratio
(L/D ratio): 0.5 L/D, 1 L/D, and 2 L/D. The CAD geometry of the 1 L/D CE was obtained from
Thermo Fisher Scientific, as these screw elements were part of the EuroLab 16 mm twin screw
granulator (Thermo Fisher Scientific, Karlsruhe, Germany) used in this work’s experiments. The
0.5 L/D and 2 L/D CE designs and the barrel geometry were constructed as CAD files using the
SolidWorks 2014 SP5.0 software. The CE designs with the dimensions and the sphere analysis
are shown in Figure 7.1.

Figure 7.1 CAD drawing of the sphere of maximum diameter in conveying elements with a) 0.5
L/D b) 1 L/D c) 2 L/D. Yellow arrows indicate possible pellet paths in conveying elements.
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The 1 L/D CEs were obtained from Thermo Fisher Scientific, as part of the twin screw
granulator, and were constructed of steel. The 0.5 L/D CEs were 3D printed using ABS Greyflex
polymer and the 2 L/D CEs were 3D printed using the OP13 polymer. Both were produced in an
EnvisionTEC Xtreme 3SP 3D printer. The 0.5 L/D CEs have a significantly smaller screw pitch
compared to the 2 L/D CEs, and were fabricated using a softer and more flexible polymer to
enable easier meshing of the twin screws.
7.2.2 Materials
Multicomponent blends used for the granulation experiments consisted of 70% active
pharmaceutical ingredient (API), 16.5% mannitol (Pearlitol 160C, Roquette Pharma, Lestrem,
France), 5.4% microcrystalline cellulose (Avicel PH101, FMC Biopolymer, Wallingstown,
Ireland), 5.1% sodium starch glycolate (Glycolys, Roquette Pharma, Lestrem, France), and 3%
hydroxypropyl cellulose (Klucel, Ashland, Hopewell, USA). Three different APIs were
considered for the 1 L/D CE experiments, namely, caffeine (BASF, Germany), micronized
acetaminophen (micronized APAP) (Mallincrodt, Derbyshire, UK), and semifine acetaminophen
(semifine APAP) (Mallincrodt, Derbyshire, UK). Experiments for the 0.5 L/D and 2 L/D CEs
were performed using the 70% caffeine blend. All the blend components were mixed in a Tote
blender (Tote Systems, Fort Worth, USA, 5 L capacity, fill level ~ 2/3rd of total volume) at 16
RPM for 40 minutes, with a sieving step after the first 20 minutes using a 4 mm sieve to break
large lumps. Deionized water with 0.1% w/w Nigrosin dye (Sigma Aldrich Corp., St. Louis, MO)
was used as the granulating liquid for all the granulation experiments.
7.2.3 Granulation Experiments
The granulation experiments were conducted in a EuroLab 16 mm 25:1 length-to-diameter ratio
TSG (Thermo Fisher Scientific, Karlsruhe, Germany). Figure 7.2 shows a sketch of the
experimental set up. Experiments were conducted for double-flighted CEs, with 0.5, 1, and 2
L/D, respectively. The powder blend was fed into the twin screw granulator using a gravimetric
feeder (Brabender Technologie, ON, Canada). A Masterflex peristaltic pump was used for
feeding the liquid binder at different flow rates to achieve the desired liquid to solid (L/S) ratio in
the range of 0.15 to 0.30 in increments of 0.05. The experiments for 70% micronized APAP
blends were performed at a powder flow rate of 3.5 kg/h and a screw speed of 800 RPM, due to
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the cohesive nature of the blend. All the other experiments were performed at a powder flow rate
of 4 kg/h and a screw speed of 800 RPM, corresponding to a powder feed number of 0.011
(calculated as per [71]). Although the powder flow rate for the 70% micronized APAP blend
experiments was different than the 70% semifine APAP and caffeine experiments, powder flow
rate is shown to have little to no effect on the final granule properties [71]. Separate experiments
were also performed for 70% micronized APAP blend at different powder flow rates to confirm
this result. The product granules were tray dried for 48 hours, before further characterization.

Figure 7.2 Experimental set up for the CE wet granulation experiments.
7.2.4 Granule Size Distribution
The size distributions of the dried granules were measured by sieve analysis using a √2
geometric series of sieves ranging from 63 µm to 8 mm. The mass based size distribution was
normalized as,
𝑓𝑖 (𝑙𝑛 𝑥) =

𝑦𝑖
𝑙𝑛(𝑥̅ 𝑖+1 ⁄𝑥̅ 𝑖 )

,

Eq. (7.1)

where 𝑦𝑖 is the mass fraction in size interval 𝑖 and 𝑥̅𝑖 is the mean sieve size corresponding to
interval 𝑖.
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7.2.5 Liquid Distribution
The Nigrosin dye in the granulating liquid was used as the tracer for measurement of the amount
of dye in each sieved granule fraction. The liquid distribution measurements were performed for
the 70% micronized and semifine APAP granules at an L/S ratio of 0.15. Three granule samples
of 1 g from each sieve cut were placed in a glass vial and mixed with 5 ml of deionized water.
The mixture was sonicated for 1 h to ensure disintegration of the granules and dissolution of the
dye in the aqueous phase. The suspension was poured in a 50 ml centrifuge tube and the vial was
rinsed with 5 ml of deionized water, which was also added to the centrifuge tube. The samples
were centrifuged for 10 minutes at 10,000 RPM using an Eppendorf Centrifuge 5804. Five
milliliters of supernatant was withdrawn for dye concentration determination by UV-Vis
spectroscopy analysis using a Cary UV Vis 300 spectrophotometer. The absorbance of the dye
was measured at a wavelength of 574 nm and the dye concentration was determined using a
calibration curve.
7.2.6 Granule Shape Characterization
Granule shape characterization was performed by image analysis. One hundred granules were
randomly sampled from the size cuts of 2 to 2.36 mm, 2.8 to 3.35 mm, and 1.4 to 1.7 mm for the
0.5, 1, and 2 L/D CEs, respectively. Granule images were recorded using a 12 MP camera. Two
dimensional granule image analyses were performed using the ImageJ 1.51h software. The scale
of the image was set using a calibration standard in the image. Image cleaning was performed
using the threshold function in ImageJ and the shape parameters were evaluated using the shape
descriptor analysis tool.

7.3

Results and Discussion

7.3.1 Geometric Analysis and 3D Printing of Screw Elements
Figure 7.1 shows the CAD drawing of the double-flighted CEs with 0.5, 1, and 2 L/D enclosed in
the barrel. Each element has a major diameter of 15.6 mm and minor diameter of 8.6 mm. The
diameter of the CEs is slightly smaller than the barrel diameter of 16 mm, and the clearance
allows for smooth rotation of the screws during operation. The pitch of the 0.5, 1, and 2 L/D CEs
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is 2.9 mm, 7.0 mm, and 14.8 mm, respectively. The space enclosed between the pitch of the
screw, the barrel, and the depth of the screw is the maximum space for material in the CEs.
Figure 7.1 shows that a granule in the CEs can follow two possible paths denoted by the arrows:
1) The granule can be conveyed along the axis of the barrel by the axial component of the flight
velocity
2) The granule can follow a helical path along the flights of the CE.
In both cases, the granule encounters an unobstructed region of constant maximum size in the CE.
Hence, it is expected that the granular material will have a maximum size related to the
dimensions of this region. The maximum size in the screw elements was determined by
evaluating the largest diameter of a sphere that can fit in this region. The maximum size in the
0.5 L/D CE was 2.9 mm, and in the 1 L/D and 2 L/D CE was 3.49 mm. The maximum size in the
0.5 L/D CE was governed by the pitch of the screw. In contrast, the maximum size in the 1 and 2
L/D CE was governed by the distance between the barrel wall and the depth of the screw thread.
The predicted aspect ratio is determined from the ratio of the pitch length of the screw and the
distance between the barrel and the depth of the screw thread from the CAD drawing. The
predicted aspect ratio was calculated to be 1.2, 2.0, and 4.2 for 0.5, 1, and 2 L/D CEs,
respectively,
𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑎𝑠𝑝𝑒𝑐𝑡 𝑟𝑎𝑡𝑖𝑜 =

𝑠𝑐𝑟𝑒𝑤 𝑝𝑖𝑡𝑐ℎ 𝑙𝑒𝑛𝑔𝑡ℎ
𝑠𝑐𝑟𝑒𝑤 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑑𝑒𝑝𝑡ℎ

Eq. (7.2)

The 0.5 and 2 L/D CE geometries were 3D printed using the materials described in Section 7.2.1.
The CAD files obtained from the SolidWorks 2014 SP5.0 software are converted into the STL
file type for printing in an EnvisionTEC 3SP printer. The high speed printing process allows for
printing several copies of the screw elements within a few hours, without compromising the
surface quality of the parts. The twin screw granulator is a compact piece of equipment with a
small free volume available for granulation; hence, it is essential to achieve high precision and
good surface quality when 3D printing screw designs. The thickness of one layer of printed
polymer is approximately 100 µm and, consequently, the printer is capable of capturing and
effectively printing small design features without surface stair-stepping on the inner or outer
surfaces. The 3D printing method of fabrication using polymers is cost effective, as the screw
elements cost at most $1 per piece. The images of the 3D printed elements (0.5, 2 L/D) and the
original CE (1 L/D) after use in granulation experiments are shown in Figure 7.3. The screw
elements were used for an operation period of 60 minutes and show little to no signs of wear
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after use. This result suggests that 3D printing is a fast, accurate, and cost effective method for
fabricating new screw element geometries for testing.

Figure 7.3 Images of 3D printed conveying elements 0.5 L/D (left), 2 L/D (right), and original
conveying element 1 L/D (center).
The CAD geometry of a distributive mixing element (DME) was also constructed in the
SolidWorks software using methods described elsewhere [90], and was considered for 3D
printing using polymers. However, the geometry of the DMEs and the printing method requires
having supports on the DME blade during printing. Under the current printer configuration, the
supports penetrate into the DME blade, thus limiting the minimum blade thickness of the DME
that can be printed without causing cracks in the part. Furthermore, the polymer 3D printed
elements were likely to break due to pressure build-up in the granulator, during the wet
granulation experiments. 3D printing of the DMEs using metals or polymers designed for
printing automotive parts may be a possible solution to prevent the breakage of the parts during
operation.
7.3.2 Granule Size Distribution in Conveying Elements
The granule size distributions for the 70% API blends at different L/S ratios in 1 L/D CEs are
shown in Figure 7.4. The size distributions are bimodal in shape for all the blends. This behavior
is typical of CEs [7,10]. The bimodal shape results from the low shearing behavior of CEs [90].
The liquid feed is introduced in the granulator through a drip nozzle at the nucleation zone (zone
2, in Figure 7.2). The nucleation zone, therefore, has a mixture of large nuclei and un-granulated
powder blend, each amounting to the coarse and fine modes of the distribution, respectively.
Since CEs mainly cause granule layering, the distribution remains primarily bimodal (Figure 7.4).
The amount of fines decreases with an increase in the L/S ratio due to increased availability of
the granulating liquid, which results in a smaller fraction of un-granulated fines. This result is
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consistent with the observations in the literature [13]. The size distribution remains bimodal
throughout the range of L/S ratios considered in this work. This observation is additional
evidence to the conclusion that CEs only cause wet granule layering and no significant liquid
redistribution.

Figure 7.4 Granule size distributions of the 70% API blends at L/S ratios of 0.15, 0.2, 0.25, and
0.3 using 1 L/D conveying elements.
The first mode of the granule size distribution for the 70% micronized APAP granules is
positioned at a larger mean sieve size compared to the 70% caffeine granules, despite micronized
APAP having a smaller primary particle size compared to caffeine. It is interesting to note that
the position of the first mode of the distribution for the 70% API blends corresponds closely to
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the modes of the dry blend size distributions measured using sieve analysis. This result suggests
that the first mode in the granule size distribution mainly consists of dry agglomerates of the ungranulated blend, which remain intact during granulation and granule characterization. This
outcome is in accordance with the conclusion that CEs are low shearing transport elements that
do not cause intense mixing. The second mode of the distribution shows a sharp cut-off at a
mean sieve size of 3.5 mm for the three blends at all L/S ratios considered. This maximum
granule size corresponds to the maximum sphere diameter obtained from the CAD geometry
analysis described in Section 7.3.1. Hence, the maximum granule size depends strongly on the
screw element geometry, which is not typical of any other granulator and could be used to tailor
granule attributes.
7.3.3 Liquid Distribution in Conveying Elements
The liquid distribution across granule sizes was measured at the lowest L/S ratio (0.15) in 70%
micronized and semifine APAP granules. Nigrosin dye was added to the granulating liquid as a
tracer to quantify the liquid-to-solid mass ratio in all granule size cuts. Figure 7.5 shows the dye
concentration, plotted as mass of dye per mass of granules, for all granule size fractions. The dye
concentration represents the liquid-to-solid mass ratio of the granules in that size fraction. The
liquid distribution curve shows that there is little to no dye in the fines up to a 300 µm average
sieve size, which also corresponds to the tail of the first mode of the granule size distributions
(Figure 7.4). This result confirms that the first mode of the distribution is un-wet powder
agglomerates and CEs do not cause redistribution of the granulating liquid.
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Figure 7.5 Liquid distribution in 1 L/D conveying elements for 70% micronized and semifine
APAP granules at an L/S ratio = 0.15.
7.3.4 Granulation Experiments with 3D Printed Elements and Granule Image Analysis
The granule size distributions of the granules from the 0.5, 1, and 2 L/D CEs for the 70%
caffeine blend at all L/S ratios considered are shown in Figure 7.6. As expected, the granule size
distributions from all of the CEs are bimodal due to the large mass fraction of un-wet powder dry
agglomerates that constitute the fines region of the size distribution. The first mode is positioned
at a mean sieve size of 76.5 µm, which corresponds to the mode of the 70% caffeine dry blend
sieve size distribution. Comparing the granule size distributions of the 0.5 and 1 L/D CEs, it is
observed that the 1 L/D CEs result in a markedly larger amount of large granules compared to
the 0.5 L/D CEs. It is also interesting to note that the 0.5 and 1 L/D CEs do not produce granules
larger than 3.1 mm and 3.6 mm mean sieve size, respectively. These results agree with the
geometric model proposed previously, where the maximum sizes in the 0.5 and 1 L/D CEs are
2.9 mm and 3.5 mm, respectively. The size distribution of the 2 L/D CEs does not follow this
trend. This behavior may be because the granules from these CEs were more elongated in shape
and size measurements using sieve analysis depend upon the orientation of the granules as they
pass through the mesh. It is also important to note that the elongated granules tend to be fragile
and can break during sieving. Hence, the sieving size measurement of these granules can be
misleading.
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Figure 7.6 Granule size distribution of the 70% caffeine formulation in conveying elements at
different L/S ratios. The maximum granule sizes obtained in the 0.5 and 1 L/D conveying
elements are shown by the dotted lines at 3.1 mm and 3.6 mm, respectively.
The second mode in the distributions is the mean sieve size corresponding to the maximum mass
frequency of the larger granules whereas the first mode corresponds to the maximum mass
frequency of the un-wet fines. Image analysis was performed on the granules in the sieve cut
corresponding to the second mode of each distribution for an L/S ratio of 0.25. Images of
granules from 0.5, 1, and 2 L/D CEs are shown in Figure 7.7.
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Figure 7.7 Images of granules of mean sieve size (a) 2.2 mm from 0.5 L/D conveying elements,
(b) 3.1 mm from 1 L/D conveying elements, and (c) 1.6 mm from 2 L/D conveying elements for
the 70% caffeine blend.
It is evident from Figure 7.7 that the granule shape is a strong function of the screw pitch in the
CEs. The 0.5 L/D CEs produce rounded granules. In contrast, the 2 L/D CEs produce highly
elongated, thread-like granules. The aspect ratio (AR) distribution was measured as per the
image analysis described in Section 7.2.6. The AR distribution is reported for granules of mean
sieve size 2.2 mm, 3.1 mm, and 1.6 mm for 0.5, 1, and 2 L/D CEs, respectively, in Figure 7.8.
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Figure 7.8 Aspect ratio distribution of granules using 0.5, 1, and 2 L/D conveying elements at an
L/S = 0.25. Data is plotted as a frequency distribution.
As mentioned in Section 7.3.1, the screw pitch of the 0.5, 1, and 2 L/D CEs is 2.9 mm, 7.0 mm,
and 14.8 mm, respectively, whereas the distance between the barrel and the depth of the screw
thread remains at 3.5 mm. The comparison of the experimentally measured AR and the one
predicted from the CAD drawing is shown in Table 7.1. The experimentally measured AR is
reported as the mean ± standard deviation of the distribution in Figure 7.8. The screw pitch to
channel depth ratio calculated from the CAD geometry (equation 7.2) matches closely with the
experimentally measured AR.
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Table 7.1 Aspect Ratio (AR) from experimental measurements and predicted from the CAD
drawings.

Screw pitch to channel depth ratio

Screw Type

Experimentally measured AR

0.5 L/D

1.3 ± 0.2

1.2

1 L/D

1.8 ± 0.4

2.0

2 L/D

3.8 ± 1.9

4.2

from CAD drawing

Figure 7.9 shows the correlation between the AR measured from experiments and the CAD
drawings of the CEs. The data follows a straight line through the origin with a slope of 0.9
confirming the geometric analysis of the CEs.

Figure 7.9 Correlation of experimentally measured aspect ratio of granules and prediction from
CAD drawing of conveying elements.
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7.4

Tailored Granule Attributes and Scale-up Criteria

This work demonstrates the quantitative correlation between the granule size and shape, and the
geometry of the conveying screw elements. This correlation is unique to twin screw granulators
due to their small free volume and regime-separated operation, and can be used to develop
Quality-by-Design strategies for continuous wet granulation. The maximum granule size and
granule shape can be controlled by design by modifying the geometry of the screw elements
appropriately. CEs are ideal for layering and coating applications or trimming the granule shape
and maximum size to achieve target requirements. In contrast, kneading elements and DMEs are
designed for intense mixing of the powder and granulating liquid to obtain more monomodal
granule size distributions and denser granules. Free volume analysis using CAD geometries aid
in the understanding of the granule size and shape, and new screw element designs can be
developed based on the process requirements. 3D printing using polymers or metals is an
effective method for fabrication of new screw element design prototypes.
The strong dependence of granule properties on screw geometry suggests development of
geometric scaling rules for twin screw granulation scale-up. The twin screw granulator scale-up
is most sensitive to screw diameter, with little effect of process parameters on the scaling [71].
We have shown that the channel depth strongly governs the maximum granule size. As a result,
maintaining geometric similarity of CEs during scale up is likely to produce disparity in the d90
of the granule size distribution at different granulator scales, as observed in the literature [71]. To
maintain similar granule size and shape, the ratio of the major diameter to minor diameter of the
CE double flighted screw must be maintained and the channel depth should remain constant
during scale-up. These scale-up criteria result in maintaining equal free volume in the twin screw
granulator, thereby increasing the powder feed number in the granulator if the large scale powder
feed rate is high. It is possible that these may cause issues of powder jamming, backup of
material in the granulator, and flooding in the granulator. Increasing the screw speed to maintain
constant powder feed number is a possible solution to this challenge. Alternatively, maintaining
equal material feed rate while extending processing time at large scale will also accomplish the
same objective.
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7.5

Conclusions

CEs cause poor liquid distribution during the wet granulation operation, resulting in a bimodal
granule size distribution. The first mode primarily consists of un-wet powder, and the position of
the first mode corresponds to the mode of the dry blend sieve size distribution. The maximum
granule size in CEs is dependent on the screw geometry and is equal to the maximum equivalent
sphere diameter of the free volume in the screw channel, as assessed by CAD geometry analysis.
The aspect ratio of the granules produced by CEs was approximately proportional to the ratio of
the screw pitch to the distance between the barrel and the depth of the screw thread. The ability
to 3D print the screw elements provides additional design flexibility and the advantage of
prototype testing. As shown in this work, it is a convenient and cost effective method for testing
design improvements in the twin screw granulator.
The direct quantitative correlation between the geometry of the screw elements and the size and
shape of the granules produced by wet granulation is a step towards quality-by-design (QbD),
effective scale-up criteria, and tailored granule characteristics. The breakage mechanism in the
granulator and the resulting size distribution can be changed by choosing the type and design of
the screw elements. This understanding is promising for designing new screw element
geometries for improved control over granule properties.
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8. INFLUENCE OF MATERIAL WETTABILITY DIFFERENCES IN
CONVEYING AND DISTRIBUTIVE MIXING ELEMENTS

8.1

Introduction

It is clear from the previous chapters that granule properties in conveying and distributive mixing
elements (CEs and DMEs) are widely different owing to the distinct wet granule breakage
mechanisms in the two screw designs. Wet granulation in DMEs is robust to changes in particle
size of the API, API concentration, and the API type, whereas formulation properties in CEs
have a considerable influence on the downstream granule characteristics. Since the wet
granulation in the TSG is a regime separated operation, nucleation is the first step along the
granulator length and is separated from the downstream rate processes. Due to the short
residence time of the TSG, understanding the influence of variation in the nucleation rates on the
behavior of CEs and DMEs is crucial to predicting the final granule characteristics. However,
careful experimentation is required to separate the effects of variation in powder-binder wetting
characteristics from other formulation differences that are likely to have potential influence on
the granule properties.
The powder-binder wettability was altered by addition of a small amount of magnesium stearate
to the blend. Magnesium stearate is a lubricant used during the tablet compression step of oral
solid dosage manufacturing and is known to be hydrophobic in nature. In this chapter, the
granule properties of the resulting blends using CEs and DMEs were studied.

8.2

Materials and Methods

8.2.1 Materials
To understand the influence of powder-binder wettability using CEs and DMEs, high drug dose
formulations of the three APIs with and without magnesium stearate (MgSt) were considered.
The hydrophilic blends had the following composition: 70.0% API, 16.5% mannitol, 5.4%
microcrystalline cellulose, 5.1% sodium starch glycolate, and 3.0% hydroxypropyl cellulose. The
hydrophobic blends consisted of 1% MgSt and the composition of all the other components were
adjusted proportionately. The hydrophobic blends comprised of: 69.3% API, 16.4% mannitol,
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5.3% microcrystalline cellulose, 5.0% sodium starch glycolate, 3.0% hydroxypropyl cellulose,
and 1.0% MgSt. The liquid binder was 0.1 wt% Nigrosin dye solution in deionized water. The
blending procedure was as described in Section 6.2.1.
8.2.2 Twin Screw Granulation Experiments
The granulation experiments were performed in a EuroLab 16 mm 25:1 L:D ratio TSG (Thermo
Fisher Scientific, Karlsruhe, Germany). The experimental set-up is shown schematically in
Figure 8.1. The granulator length is divided into six zones of length 60 mm each and a section of
20 mm at the end.

Figure 8.1 Experimental set up for Twin Screw Granulation experiments using conveying and
distributive mixing elements. Zones 1 to 6 have a length of 60 mm each.
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Figure 8.1 continued

The screw arrangement for the DME configuration consisted of three pairs of DMEs in adjacentreverse configuration with three pairs of double-flighted 1 length:diameter CEs placed
downstream to promote granule layering. The CE configuration consisted of all 1 L/D (length:
diameter) CEs. The powder was fed at zone 3 using a gravimetric feeder (Brabender Technologie,
ON, Canada) and the liquid binder was fed using a Masterflex peristaltic pump at L/S ratio of
0.15 to 0.30 in increments of 0.05. All experiments were performed at 4 kg/h powder flow rate
and a screw speed of 800 RPM. The granules were tray dried for 48 h prior to further
characterization.
8.2.3 Blend/Granule Characterization
The drop penetration time and dynamic yield strength were measured for the blends with and
without MgSt following the procedure described in Sections 6.2.4 and 6.2.5, respectively. The
granule size distribution was measured using sieve analysis as described in Section 6.2.7. The
liquid distribution was measured on the granules produced from semifine and micronized APAP
formulations with and without MgSt for the CE and DME configurations using methods
described in Section 7.2.5.
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8.3

Results and Discussion

8.3.1 Blend Characterization
The drop penetration times of the blends with and without MgSt are shown in Table 8.1.

Table 8.1 Drop penetration times of 70% API blends with and without MgSt. Average values
with ± one standard deviation from at least five replicate measurements are reported.
Blend name

Drop penetration time (s)

70% semifine APAP blend

5.3 ± 0.8

70% micronized APAP blend

5.3 ± 1.0

70% caffeine blend

5.4 ± 0.8

70% semifine APAP blend with MgSt

24.9 ± 4.0

70% micronized APAP blend with MgSt

28.2 ± 6.2

70% caffeine blend with MgSt

12.8 ± 2.2

As expected, the drop penetration times for the blends with MgSt are significantly larger than the
blends without MgSt. The drop penetration time is independent of the type of API considered for
the 70% API blends without MgSt, as also previously observed in Section 6.3.1. No significant
difference in the penetration time is observed despite APAP and caffeine having different
thermodynamic solubility in the liquid binder (water). However, the addition of 1% MgSt has a
significant influence on the drop penetration time of the blends. The drop penetration time in the
blends with MgSt is significantly larger than the blends without MgSt, as addition of MgSt
imparts hydrophobicity to the blends. Furthermore, the drop penetration time of the 70% caffeine
blend with MgSt is considerably smaller than the drop penetration time of the 70% APAP blends
with MgSt. It is possible that the added MgSt coats the 70% caffeine blend particles differently
than the 70% APAP blends, due to different extents of dry agglomeration, resulting in smaller
drop penetration time in the 70% caffeine blend with MgSt.
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Figure 8.2 shows the DYS of the blends with and without MgSt at different L/S ratios. An
increase in the L/S ratio is reflected as increased liquid saturation in the granule, and less
resistance to granule deformation. It is observed that the DYS of the blends with MgSt is smaller
than the blends without MgSt. Since MgSt is a lubricant, it decreases the particle-particle friction,
which results in the smaller DYS values.

Figure 8.2 DYSs of 70% APAP blends as a function of L/S ratio with and without MgSt.
8.3.2 Granule Characterization
The granule size distributions of the 70% blends without MgSt in CEs for four different L/S
ratios are shown in Figure 7.4. For comparison, consider also the granule size distributions for
the 70% blends without MgSt using DMEs shown in Figure 6.10. The granule size distributions
using CEs are bimodal as opposed to the unimodal distributions observed using the DMEs.
Unlike with DMEs, the blends without MgSt show significant differences in the granule size
distributions for the different APIs considered in CEs. It is interesting to observe that the fines
peak in the granule size distribution matches with the dry blend sieve distributions of the 70%
blends in the Figure 6.5. Due to the cohesive nature of the APAP, the dry blend shows a peak at
a sieve size significantly larger than the primary particle size of the APAP. The caffeine blend
gives slightly larger granules than the two APAP blends, especially at L/S ratios of 0.25 and 0.3,
and this effect can be attributed to the larger DYS of the 70% caffeine blend compared to the 70%
APAP blends. It is important to note that the granules using the CEs are smaller than 3.5 mm at
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all L/S ratios and this feature results from the dependence of the maximum granule size on the
geometry of the CEs [90].
Figures 8.3 and 8.4 show the granule size distributions of the 70% micronized APAP and
semifine APAP blends with and without MgSt using CEs.

Figure 8.3 Granule size distributions for 70% Micronized APAP blends with and without MgSt
using conveying elements.
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Figure 8.4 Granule size distributions for 70% Semifine APAP blends with and without MgSt
using conveying elements.
Considering the variation in experimental reproducibility, it can be seen that the presence of
MgSt in the blends results in a slightly larger mass fraction of fines at the small L/S ratios. As
mentioned in the literature, the liquid distribution using CEs is primarily dependent upon the
breakage of larger agglomerates and layering of fines [70]. At a small L/S ratio, most of the
liquid is present as large nuclei layered by fine powder along with un-wet powder in the
granulator. The addition of MgSt to the blends significantly increases the drop penetration time
in the blends as shown in Section 8.3.1. Furthermore, it has been shown that the breakage
mechanism using CEs is chipping of granules, wherein most of the granule mass is conserved
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according to the geometric constraints of the screw element and fines are eroded from the surface
[90]. Hence, CEs are classified as low shear transport elements. As a result, it is expected that a
larger fraction of powder remains un-wet due to the increased time scale of nuclei formation in
the blends with MgSt compared to the blends without. At larger L/S ratios, the probability of
having under-wet powder in the granulator is considerably smaller due to the abundance of liquid
binder aiding granule growth and liquid distribution. Correspondingly, the differences in the
granule size distribution at larger L/S ratios are subtle in comparison to the data at smaller L/S
ratios.
Figures 8.5 and 8.6 show the granule size distributions of the micronized and semifine APAP
blends with and without MgSt using DMEs at L/S ratios from 0.15 to 0.30.

Figure 8.5 Granule size distributions for 70% Micronized APAP blends with and without MgSt
using distributive mixing elements.
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Figure 8.6 Granule size distributions for 70% Semifine APAP blends with and without MgSt
using distributive mixing elements.
It is interesting to observe that blends with and without MgSt using DMEs result in similar
granule size distributions at all L/S ratios, for both the APIs. This result indicates that drop
penetration time or DYS differences considered in this work have virtually no influence on the
granulation of formulations using DMEs. Since the primary mechanism of liquid distribution
using DMEs is breakage of wet powder mass and layering of fines on the granules, it is
important to consider the implications of formulation properties on the breakage mechanism.
DMEss cut and combine the material and the governing breakage mechanism is characterized as
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granule crushing. Additionally, it is shown that for DYSs larger than 9 kPa, the breakage
probability and daughter size distribution are robust to differences in the material DYS [90]. It is
clear from the previous data that the crushing mechanism of DMEs is an important factor when
considering the relative dominance of the nucleation and breakage rate processes. Due to the
crushing type granule breakage mechanism in DMEs, the granule size distribution in DMEs is
insensitive to the upstream variations in liquid distribution.
Figures 8.7 and 8.8 present the liquid distributions for the micronized and semifine APAP blends
with and without MgSt using CEs and DMEs, respectively.

Figure 8.7 Liquid distributions for 70% semifine and micronized APAP blends with and without
MgSt using conveying elements.
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Figure 8.8 Liquid distributions for 70% semifine and micronized APAP blends with and without
MgSt using distributive mixing elements.
Dye concentration is an indicator of the liquid content in the granules, and is characterized by an
S-shaped curve for CEs. There is little or no dye concentration measured in the fines region of
the distribution, indicating that the fines primarily consist of un-wet powder or chipped portions
of larger granules formed as a result of granule breakage. As expected, the blends with MgSt
show a slightly heterogeneous liquid distribution with a higher fraction of liquid in the large
agglomerates. However, this effect is very subtle and can be seen only in case of the 70%
semifine APAP blends.
The liquid distribution in DMEs is significantly more homogeneous compared to CEs, indicating
intense liquid redistribution. Since the breakage mechanism in DMEs is characterized as granule
crushing, the fines in the distribution are primarily obtained from breakage of larger
agglomerates. As a result, the fines produced by the DMEss have a significantly larger
concentration of dye compared to CEs. The larger agglomerates in case of the blends with and
without MgSt in DMEs do not show any significant differences in the dye concentration.

8.4

Relative Significance of Nucleation and Breakage Rate Processes in Conveying and
Distributive Mixing Elements

The current data shows that the addition of MgSt to the blends increases the drop penetration
time of the liquid binder (water) in the powder. Although there is significant contrast in the
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nucleation rate for the several formulations considered in this work, these differences are not
reflected in the final granule size distributions using the DMEs. However, these differences do
affect the granule size distributions using CEs. The intense mixing of wet mass within the DMEs
is apparently able to equalize upstream heterogeneities in the liquid distribution and produce a
broad, monomodal granule size distribution, robust to powder binder wetting thermodynamics.
In contrast, the low shear characteristics of CEs results in sensitivity to powder-binder wetting
properties. This knowledge is useful for developing population balance models of the rate
processes in the granulator. For example, it is adequate to neglect the dependence of drop
penetration time in the nucleation rate expression of the population balance model when
considering granulation using DMEs. On the other hand, it is essential to consider the
dependence of the nucleation rate on drop penetration time, when considering granulation in low
shear elements such as CEs.

8.5

Conclusions

Addition of magnesium stearate to a multicomponent blend increases hydrophobicity of the
blend in addition to increasing the drop penetration time of the aqueous binder into the blend.
The DYS of the blends with magnesium stearate is smaller than the blends without, possibly due
to lower particle-particle friction on account of the lubrication provided by the magnesium
stearate particles. The granule size distributions of the 70% blends with magnesium stearate
using CEs demonstrated an increased mass fraction of fines compared to the blends without
magnesium stearate. This behavior was not observed for DMEs, as blends with and without
magnesium stearate resulted in similar granule size distributions despite a wide disparity in the
drop penetration times. The primary reason for this observation is that the breakage mechanisms
in CEs and DMEs are different. CEs cause minor granule edge chipping to mainly control the
maximum granule size, which does not lead to effective liquid distribution, resulting in an
increased mass of un-wet fines for the hydrophobic formulations. In contrast, the breakage
mechanism with DMEs is granule crushing, which results in excellent liquid distribution and
eliminates downstream heterogeneity in the granule size distribution or liquid distribution. This
study exemplifies the relative dominance of the nucleation rate processes for different types of
breakage mechanisms encountered in different screw designs.
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9. CONCLUSIONS

9.1

Summary of Results

The goal of this dissertation is to understand the wet granule breakage mechanisms in different
twin screw geometries, as it correlates strongly with the product granule properties. Distinct
granule breakage mechanisms were identified for conveying and distributive mixing elements
(CEs and DMEs) based on the results of fundamental breakage isolating experiments.
CEs mainly cause granule edge chipping and maximum granule size control, and do not cause
significant granule breakage for industrially relevant formulations. The breakage probability of
granules in CEs strongly depend on the material dynamic yield strength, the powder feed number,
and the screw element geometry. The daughter size distribution is only a function of the material
dynamic yield strength. The maximum granule size can be ascertained from the screw geometry
using tools such as CAD analysis, and can be controlled by varying the free volume of the space
between the flights of the CEs. A one parameter modified Weibull breakage kernel was used to
model the breakage probability data in CEs, and the chosen model was able to fit the data
sufficiently with minimum number of fitting parameters. The daughter distribution function was
fit by a one parameter power law model.
Due to their breakage mechanism, CEs do not cause good liquid redistribution, and result in
large mass fraction of ungranulated fines, leading to a bimodal granule size distribution. The
granule size distribution is sensitive to formulation properties, due to the low shearing properties
of CEs. The positions of the two modes of the granule size distributions from CEs are predictable
a priori. The first mode of the distribution corresponds to the size distribution of the
ungranulated blends measured using the same techniques as the granule size distribution. The
position of the second mode is dependent on the geometry of the CEs, and can be predicted from
the breakage specific experiments. This approach simplifies the prediction of the granule size
distributions in CEs, without having to employ computationally intensive modeling techniques.
The shape of the granules in CEs is also controlled by the geometry of the screws, specifically
the ratio of the screw pitch to the channel depth. This conclusion was established by performing
wet granulation experiments using 3D printed CE geometries. Additionally, this work introduces
3D printing as a novel technique for testing new screw element designs.
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The breakage mechanism in DMEs is identified as a combination of granule chipping and
granule crushing. The breakage probability in DMEs is a strong function of the material dynamic
yield strength, the powder feed number, and the screw element geometry. Unlike CEs, DMEs
cause significant breakage of granules for industrially relevant formulations, resulting in intense
liquid redistribution. The daughter size distribution does not depend on the material dynamic
yield strength or the powder feed number, and is only a function of the granule size. The
maximum granule size in DMEs is strongly controlled by the geometry as determined from CAD
geometry analysis, due to the small free volume in the screw elements. Owing to the presence of
two possible breakage pathways for granules in DMEs – nipping and chipping, a two parameter
model based on the Weibull kernel was used to account for both the breakage processes. The
daughter distribution function was adequately modeled using a one parameter power law model.
The DMEs result in a robust granule size distribution, insensitive to changes in formulation
properties such as the primary particle size of the active pharmaceutical ingredient (API) in the
blend, the API concentration, the API type, and the powder-binder wettability. The size
distribution is unimodal compared to CEs, and the maximum size and position of the mode are
predictable from the breakage specific experiments. The granule size distribution and granule
porosity is a strong function of the liquid to solid ratio in the granulator. While the granule size
distribution is insensitive to formulation changes, the granule porosity depends on the material
dynamic yield strength, as stronger materials tend to resist deformation and result in larger
granule porosity in the DMEs.

9.2

Recommendations for Industry Scale Twin Screw Wet Granulation

The previously described studies show that for DMEs, altering the blend hydrophobicity, and
type, particle size, or concentration of API has no significant effect on the granule size
distribution. However, the granule porosity increases with increasing dynamic yield strength.
The granule size distribution is a strong function of the L/S ratio and screw element geometry,
and the maximum size of granules depends on the free volume in the screw element. Thus, for
DMEs, the following are recommended:
1) Dynamic yield strength measurements can be used as a characterization technique to
qualitatively compare the porosity of the granules produced from different formulations.
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2) The L/S ratio is a critical parameter, as the granule size distribution is highly sensitive to
changes in the L/S ratio. Small L/S ratios result in a large mass of un-wetted fines while
an L/S ratio that is too large results in a near-slurry flow.
3) It is imperative to consider the scale of the granulator, specifically the free volume in the
screw elements, as the maximum granule size is quantitatively governed by the screw
element geometry.
4) The powder feed number is an important factor to be considered during scale up,
especially for materials having dynamic yield strength smaller than 9 kPa, as the powder
feed number influences the granule breakage probability.
For CEs, the granule size distribution depends on the type of the API considered, L/S ratio, blend
hydrophobicity and the geometry of the CEs. The CEs are mainly low shearing transport
elements that control the maximum granule size. Thus, a significant fraction of the blends is
comprised of under-wetted powder, which is reflected in the fines region of the size distribution,
resulting in a bimodal granule size distribution. The mode in the fines region of the size
distribution is governed by the size distribution of the dry blends as measured by dry sieve
analysis. The differences in blend hydrophobicity are also reflected in the fines region of the size
distribution, especially at low L/S ratios, with the hydrophobic formulation resulting in a larger
mass fraction of under-wetted powder. Hence, for CEs, the following are recommended:
1) Drop penetration time measurements can aid in the assessment of the fraction of un-wet
powder in the granule size distribution.
2) The size distribution analysis of the dry blends is also recommended to quantitatively
predict the position of the fines mode of the granule size distribution.
3) The L/S ratio is an important parameter as the granule size distribution shifts to the larger
granule sizes with an increase in the L/S ratio. Similarly, the powder feed number also
influences the breakage probability of material weaker than 9 kPa, and needs to be
evaluated for scale-up considerations.
4) It is important to consider the geometry of the screw elements to quantitatively predict
the maximum granule size in CEs.
It is recommended to use a combination of CEs and DMEs to ensure good liquid distribution and
robust operation. Presence of CEs downstream of DMEs aid in granule layering and could be
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used effectively to further reduce the amount of fines. Preliminary experiments need to be
performed in order to assess the optimum L/S ratio for maximizing the mass of granules in the
target size range. However, changing screw element geometry can help control oversized
agglomerates and provide a robust control strategy for the maximum granule size obtained in
twin screw granulation.
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10. RECOMMENDATIONS FOR FUTURE WORK

10.1 Improvements to the Breakage Models and Validation using Population Balance
Modeling
The breakage model development presented in this work is the first attempt to arriving at
breakage rate expressions specific to twin screw granulation. Hence, the models in this work
should be considered as a preliminary framework for developing improved breakage rate
equations for twin screw granulator geometries. The breakage models in this work have not
considered the effect of the screw length on the breakage probability and the daughter size
distributions, as experiments were performed for a fixed number of screw elements for
conveying and distributive mixing element configurations. It is recommended that further
studies should be conducted to include the dependence of the breakage rate on the screw length
in the granulator. It is also important to note that the breakage kernels presented for both the
screw element geometries are piecewise functions defined for discrete granule sizes. Additional
experimental data is essential to formulating a continuous function for the breakage kernel that
includes the influence of granule size relative to the maximum size in the respective screw
geometries.
It would be of interest to use an approach similar to the one presented in this work for
developing breakage models for kneading element configurations. It is known that the offset
angle between the kneading discs, forward or reverse configurations, and number of kneading
elements influence the granule properties and the liquid distribution. It would be useful to
conduct breakage specific studies in kneading elements to anticipate the maximum granule size,
dependence of granule shape on the kneading element geometry and configurations, and to
establish an effective breakage rate expression for kneading elements.
Although the conclusions from the breakage specific experiments have been validated by
performing wet granulation experiments, it is important to employ the breakage kernel and
daughter distribution functions in the Population Balance Model (PBM) frameworks developed
in the literature for twin screw granulation. The work in this dissertation is aimed at eliminating
inaccuracies that arise in the prediction of the granule size distributions, specifically
overestimation of the large granule sizes. It is therefore recommended to validate the
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conclusions of this work by comparing the results of the PBM with and without the models in
this dissertation.

10.2 Improving Granule Size Control in Twin Screw Granulation
As described previously, the current twin screw granulators operate in the mechanical
dispersion regime and rely on wet granule breakage for powder-liquid mixing. Although the
maximum granule size can be controlled by modifying the screw geometry appropriately, there
are limits to the smallest maximum granule size that can be obtained using this approach.
Decreasing the free volume in the granulator can cause difficulties such as jamming and
flooding of the material in the barrel, and accomplishing smaller maximum granule sizes is
expected to be less feasible. Consequently, the nucleation regime needs to be changed from
mechanical dispersion to drop controlled nucleation. Adapting spray nozzles in the twin screw
granulator liquid feed zone is challenging due to the small free volume available and the
tendency of the powder to block the narrow spray nozzle openings. It would be interesting to
explore new techniques such as melt granulation to control the drop size distribution at the
nucleation zone of the granulator.

10.3 Twin Screw Granulation for Designing Structured Particulates
Due to the regime separated design of the twin screw granulator, it is possible to develop stagewise operations along the length of the screws. Additionally, the twin screw granulator presents
a unique design with high surface area to volume ratio in the granulator barrel. This design is
suitable for enabling heat transfer through the surfaces, to perform downstage drying in the
granulator. Twin screw extruders have been traditionally used in the polymer processing
industry, and several operations such as polymerization reactions, material blending, volatiles
removal and stripping, and polymer extrusion are performed in series in a single twin screw
extruder. Borrowing from this idea, a similar process design can be used for designing
structured particulates. It would be interesting to perform blending, granulation, layering and
coating, and drying in the same granulator by assigning each zone for a specific operation, and
using the appropriate screw elements along the screw length for each process.
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APPENDIX

Copies of raw data are available upon request. Please contact Prof. Carl Wassgren, Prof. Jim
Litster, or myself for access to the files.

134

REFERENCES

[1]

J. Litster, B.J. Ennis, Ennis, Litster - The Science and Engineering of Granulation
Processes, first ed. Springer Science + Business Media, B. V., 2004.

[2]

Department of Health and Human Services U.S. Food and Drug Administration, Guidance
for Industry PAT — A Framework for Innovative Pharmaceutical Development,
Manufacuring, and Quality Assurance, Ref. Type: Report, 2004.

[3]

S.M. Iveson, J.D. Litster, K. Hapgood, B.J. Ennis, Nucleation, growth and breakage
phenomena in agitated wet granulation processes: A review, Powder Technol. 117 (2001)
3–39.

[4]

K.P. Hapgood, J.D. Litster, R. Smith, Nucleation regime map for liquid bound granules,
AIChE J. 49 (2003) 350–361.

[5]

K.P. Hapgood, J.D. Litster, S.R. Biggs, T. Howes, Drop Penetration into Porous Powder
Beds, J. Colloid Interface Sci. 253 (2002) 353–366.

[6]

G.K. Reynolds, J.S. Fu, Y.S. Cheong, M.J. Hounslow, a. D. Salman, Breakage in
granulation: A review, Chem. Eng. Sci. 60 (2005) 3969–3992.

[7]

M.R. Thompson, Twin screw Granulation - Review of current progress, Drug Dev. Ind.
Pharm. 41 (2015) 1223–1231.

[8]

M. Lodaya, M. Mollan, I. Ghebre-Sellasie, Twin-screw wet granulation, in: I. GhebreSellassie, C. Martin (Eds.), Pharmaceutical Extrusion Technology, New York, 2003.

[9]

E.I. Keleb, A. Vermeire, C. Vervaet, J.P. Remon, Twin screw granulation as a simple and
efficient tool for continuous wet granulation., Int. J. Pharm. 273 (2004) 183–194.

[10] T.C. Seem, N.A. Rowson, A. Ingram, Z. Huang, S. Yu, M. de Matas, et al., Twin Screw
Granulation – A Literature Review, Powder Technol. 276 (2015) 89–102.
[11] R.M. Dhenge, J.J. Cartwright, D.G. Doughty, M.J. Hounslow, A.D. Salman, Twin screw
wet granulation: Effect of powder feed rate, Adv. Powder Technol. 22 (2011) 162–166.
[12] R.M. Dhenge, J.J. Cartwright, M.J. Hounslow, A.D. Salman, Twin screw wet granulation:
Effects of properties of granulation liquid, Powder Technol. 229 (2012) 126–136.
[13] R.M. Dhenge, R.S. Fyles, J.J. Cartwright, D.G. Doughty, M.J. Hounslow, A.D. Salman,
Twin screw wet granulation: Granule properties, Chem. Eng. J. 164 (2010) 322–329.

135
[14] R.M. Dhenge, K. Washino, J.J. Cartwright, M.J. Hounslow, A.D. Salman, Twin screw
granulation using conveying screws: Effects of viscosity of granulation liquids and flow of
powders, Powder Technol. 238 (2013) 77–90.
[15] R.M. Dhenge, J.J. Cartwright, M.J. Hounslow, A.D. Salman, Twin screw granulation:
steps in granule growth., Int. J. Pharm. 438 (2012) 20–32.
[16] D. Djuric, P. Kleinebudde, Continuous granulation with a twin-screw extruder: Impact of
material throughput, Pharm. Dev. Technol. 15 (2010) 518-525.
[17] D. Djuric, P. Kleinebudde, Impact of screw elements on continuous granulation with a
twin-screw extruder., J. Pharm. Sci. 97 (2008) 4934–4942.
[18] A.S. El Hagrasy, J.R. Hennenkamp, M.D. Burke, J.J. Cartwright, J.D. Litster, Twin screw
wet granulation: Influence of formulation parameters on granule properties and growth
behavior, Powder Technol. 238 (2013) 108–115.
[19] M. Fonteyne, A. Correia, S. De Plecker, J. Vercruysse, I. Ilić, Q. Zhou, et al., Impact of
microcrystalline cellulose material attributes: A case study on continuous twin screw
granulation, Int. J. Pharm. 478 (2015) 705–717.
[20] M. Fonteyne, H. Wickström, E. Peeters, J. Vercruysse, H. Ehlers, B.H. Peters, et al.,
Influence of raw material properties upon critical quality attributes of continuously
produced granules and tablets, Eur. J. Pharm. Biopharm. 87 (2014) 252–263.
[21] E.I. Keleb, a Vermeire, C. Vervaet, J.P. Remon, Extrusion granulation and high shear
granulation of different grades of lactose and highly dosed drugs: a comparative study.,
Drug Dev. Ind. Pharm. 30 (2004) 679–691.
[22] E.I. Keleb, a. Vermeire, C. Vervaet, J.P. Remon, Continuous twin screw extrusion for the
wet granulation of lactose, Int. J. Pharm. 239 (2002) 69–80.
[23] H. Li, M.R. Thompson, K.P. O’Donnell, Examining Drug Hydrophobicity in Continuous
Wet Granulation within a Twin Screw Extruder, Int. J. Pharm. 496 (2015) 3–11.
[24] S.M. Iveson, J.D. Litster, Growth regime map for liquid-bound granules, AIChE J. 44
(1998) 1510–1518.
[25] S.M. Iveson, J.D. Litster, Fundamental studies of granule consolidation part 2:
Quantifying the effects of particle and binder properties, Powder Technol. 99 (1998) 243–
250.

136
[26] S.M. Iveson, J.D. Litster, Liquid-bound granule impact deformation and coefficient of
restitution, Powder Technol. 99 (1998) 234–242.
[27] S.M. Iveson, J.A. Beathe, N.W. Page, The dynamic strength of partially saturated powder
compacts: the effect of liquid properties, Powder Technol. 127 (2002) 149–161.
[28] S.M. Iveson, N.W. Page, Brittle to Plastic Transition in the Dynamic Mechanical Behavior
of Partially Saturated Granular Materials, J. Appl. Mech. 71 (2004) 470.
[29] S.M. Iveson, N.W. Page, Dynamic strength of liquid-bound granular materials: The effect
of particle size and shape, Powder Technol. 152 (2005) 79–89.
[30] S.M. Iveson, N.W. Page, J.D. Litster, The importance of wet-powder dynamic mechanical
properties in understanding granulation, Powder Technol. 130 (2003) 97–101.
[31] S.M. Iveson, P.A.L. Wauters, S. Forrest, J.D. Litster, G.M.H. Meesters, B. Scarlett,
Growth regime map for liquid-bound granules: further development and experimental
validation, Powder Technol. 117 (2001) 83–97.
[32] S. Iveson, Litster James, Ennis Bryan, Fundamental studies of granule consolidation Part 1:
Effects of binder content and binder viscosity, Powder Technol. 88 (1996) 15–20.
[33] H.N. Emady, D. Kayrak-Talay, J.D. Litster, A regime map for granule formation by drop
impact on powder beds, AIChE J. 59 (2013) 96–107.
[34] H.N. Emady, D. Kayrak-Talay, J.D. Litster, Modeling the granule formation mechanism
from single drop impact on a powder bed, J. Colloid Interface Sci. 393 (2013) 369–376.
[35] H.N. Emady, D. Kayrak-Talay, W.C. Schwerin, J.D. Litster, Granule formation
mechanisms and morphology from single drop impact on powder beds, Powder Technol.
212 (2011) 69–79.
[36] H.G. Kristensen, P. Holm, T. Schaefer, Mechanical properties of moist agglomerates in
relation to granulation mechanisms part I. Deformability of moist, densified agglomerates,
Powder Technol. 44 (1985) 227–237.
[37] H.G. Kristensen, P. Holm, T. Schaefer, Mechanical properties of moist agglomerates in
relation to granulation mechanisms part II. Effects of particle size distribution, Powder
Technol. 44 (1985) 239–247.
[38] J.D. Litster, K.P. Hapgood, J.N. Michaels, a. Sims, M. Roberts, S.K. Kameneni, et al.,
Liquid distribution in wet granulation: Dimensionless spray flux, Powder Technol. 114
(2001) 32–39.

137
[39] J.. Litster, K.. Hapgood, J.. Michaels, A. Sims, M. Roberts, S.. Kameneni, Scale-up of
mixer granulators for effective liquid distribution, Powder Technol. 124 (2002) 272–280.
[40] J.. Litster, K.. Hapgood, J.. Michaels, A. Sims, M. Roberts, S.. Kameneni, et al., Liquid
distribution in wet granulation: dimensionless spray flux, Powder Technol. 114 (2001)
32–39.
[41] L.X. Liu, R. Smith, J.D. Litster, Wet granule breakage in a breakage only high-hear mixer:
Effect of formulation properties on breakage behaviour, Powder Technol. 189 (2009)
158–164.
[42] T. Schæfer, D. Johnsen, A. Johansen, Effects of powder particle size and binder viscosity
on intergranular and intragranular particle size heterogeneity during high shear granulation,
Eur. J. Pharm. Sci. 21 (2004) 525–531.
[43] H. Schubert, W. Herrmann, H. Rumpf, Deformation behaviour of agglomerates under
tensile stress, Powder Technol. 11 (1975) 121–131.
[44] A.D.. H.M.. S.J. Salman, Granulation, (1996). doi:10.1016/S0022-3913(12)00047-9.
[45] G.I. Tardos, M.I. Khan, P.R. Mort, Critical parameters and limiting conditions in binder
granulation of fine powders, Powder Technol. 94 (1997) 245–258.
[46] A. Kumar, K. V. Gernaey, T. De Beer, I. Nopens, Model-based analysis of high shear wet
granulation from batch to continuous processes in pharmaceutical production - A critical
review, Eur. J. Pharm. Biopharm. 85 (2013) 814–832.
[47] D.G. Bika, M. Gentzler, J.N. Michaels, Mechanical properties of agglomerates, Powder
Technol. 117 (2001) 98–112.
[48] S.T. Keningley, P.C. Knight, A.D. Marson, An investigation into the effects of binder
viscosity on agglomeration behaviour, Powder Technol. 91 (1997) 95–103.
[49] L.X. Liu, J.D. Litster, S.M. Iveson, B.J. Ennis, Coalescence of deformable granules in wet
granulation processes, AIChE J. 46 (2000) 529–539.
[50] S. M. Iveson, Granule coalescence modelling: including the effects of bond strengthening
and distributed impact separation forces, Chem. Eng. Sci. 56 (2001) 2215–2220.
[51] M.J. Gamlen, C. Eardley, Continuous Extrusion Using a Raker Perkins MP50
(Multipurpose) Extruder, Drug Dev. Ind. Pharm. 12 (1986) 1701-1713.

138
[52] N.-O. Lindberg, M. Myrenas, C. Tufvesson, L. Olbjer, Extrusion of An Effervescent
Granulation with a Twin Screw Extruder, Baker Perkins MPF 50D. Determination of
Mean Residence Time, Drug Dev. Ind. Pharm. 14 (2008) 649-655.
[53] R. Sayin, A.S. El Hagrasy, J.D. Litster, Distributive mixing elements: Towards improved
granule attributes from a twin screw granulation process, Chem. Eng. Sci. 125 (2015)
165–175.
[54] J. Vercruysse, D. Córdoba Díaz, E. Peeters, M. Fonteyne, U. Delaet, I. Van Assche, et al.,
Continuous twin screw granulation: Influence of process variables on granule and tablet
quality, Eur. J. Pharm. Biopharm. 82 (2012) 205–211.
[55] S. Yu, G.K. Reynolds, Z. Huang, M. de Matas, A.D. Salman, Granulation of increasingly
hydrophobic formulations using a twin screw granulator., Int. J. Pharm. 475 (2014) 82–96.
[56] U. Shah, Use of a modified twin-screw extruder to develop a high-strength tablet dosage
form, Pharm. Technol. 29 (2005) 52–66.
[57] H. Li, M.R. Thompson, K.P. O’Donnell, Understanding wet granulation in the kneading
block of twin screw extruders, Chem. Eng. Sci. 113 (2014) 11–21.
[58] K.E. Rocca, S. Weatherley, P.J. Sheskey, M.R. Thompson, Influence of filler selection on
twin screw foam granulation., Drug Dev. Ind. Pharm. 9045 (2013) 35–42.
[59] M.R. Thompson, S. Weatherley, R.N. Pukadyil, P.J. Sheskey, Foam granulation: new
developments in pharmaceutical solid oral dosage forms using twin screw extrusion
machinery, Drug Dev. Ind. Pharm. 38 (2012) 771–784.
[60] M.R. Thompson, B. Mu, P.J. Sheskey, Aspects of foam stability influencing foam
granulation in a twin screw extruder, Powder Technol. 228 (2012) 339–348.
doi:10.1016/j.powtec.2012.05.050.
[61] H. Liu, S.C. Galbraith, B. Ricart, C. Stanton, B. Smith-Goettler, L. Verdi, et al.,
Optimization of critical quality attributes in continuous twin-screw wet granulation via
design space validated with pilot scale experimental data, Int. J. Pharm. 525 (2017) 249–
263.
[62] M. Maniruzzaman, S.A. Ross, T. Dey, A. Nair, M.J. Snowden, D. Douroumis, A quality
by design (QbD) twin-screw extrusion wet granulation approach for processing water
insoluble drugs, Int. J. Pharm. 526 (2017) 496–505.

139
[63] T. Monteyne, J. Vancoillie, J. Remon, C. Vervaet, T. De Beer, Continuous melt
granulation: Influence of process and formulation parameters upon granule and tablet
properties, Eur. J. Pharm. Biopharm. 107 (2016) 249–262.
[64] M.R. Thompson, J. Sun, Wet granulation in a twin-screw extruder: implications of screw
design, J. Pharm. Sci. 99 (2010) 2090–2103.
[65] R. Sayin, Mechanistic studies of Twin Screw Granulation, (PhD Thesis), Purdue
University, ProQuest, 2016.
[66] R. Sayin, D. Barrasso, J.G. Osorio, R. Ramachandran, D. James, Population Balance
Modeling of Twin Screw Wet Granulation Through Mechanistic Understanding, in
preparation.
[67] M.F. Saleh, R.M. Dhenge, J.J. Cartwright, M.J. Hounslow, A.D. Salman, Twin screw wet
granulation: Binder delivery, Int. J. Pharm. 487 (2015) 124–134.
[68] W. Da Tu, A. Ingram, J. Seville, Regime map development for continuous twin screw
granulation, Chem. Eng. Sci. 87 (2013) 315–326.
[69] N.K. Ebube, A.H. Hikal, C.M. Wyandt, D.C. Beer, L.G. Miller, A.B. Jones, Effect of drug,
formulation and process variables on granulation and compaction characteristics of
heterogeneous matrices. Part 1: HPMC and HPC systems, Int. J. Pharm. 156 (1997) 49–57.
[70] A.S. El Hagrasy, J.D. Litster, Granulation rate processes in the kneading elements of a
twin screw granulator, AIChE J. 59 (2013) 4100–4115.
[71] J.G. Osorio, R. Sayin, A. V. Kalbag, J.D. Litster, L. Martinez-Marcos, D.A. Lamprou, et
al., Scaling of continuous twin screw wet granulation, AIChE J. 63 (2017) 921–932.
[72] B. Van Melkebeke, C. Vervaet, J.P. Remon, Validation of a continuous granulation
process using a twin-screw extruder, Int. J. Pharm. 356 (2008) 224–230.
[73] Y. Liu, M.R. Thompson, K.P. O’Donnell, Function of upstream and downstream
conveying elements in wet granulation processes within a twin screw extruder, Powder
Technol. (2015).
[74] D. Barrasso, A. El Hagrasy, J.D. Litster, R. Ramachandran, Multi-dimensional population
balance model development and validation for a twin screw granulation process, Powder
Technol. 270 (2015) 612–621.

140
[75] D. Barrasso, T. Eppinger, F.E. Pereira, R. Aglave, K. Debus, S.K. Bermingham, et al., A
multi-scale, mechanistic model of a wet granulation process using a novel bi-directional
PBM–DEM coupling algorithm, Chem. Eng. Sci. 123 (2015) 500–513.
[76] D. Barrasso, R. Ramachandran, Qualitative Assessment of a Multi-Scale, Compartmental
PBM-DEM Model of a Continuous Twin-Screw Wet Granulation Process, J. Pharm.
Innov. 11 (2016) 231–249.
[77] D. Barrasso, R. Ramachandran, A comparison of model order reduction techniques for a
four-dimensional population balance model describing multi-component wet granulation
processes, Chem. Eng. Sci. 80 (2012) 380–392.
[78] D. Barrasso, S. Walia, R. Ramachandran, Multi-component population balance modeling
of continuous granulation processes: A parametric study and comparison with
experimental trends, Powder Technol. 241 (2013) 85–97.
[79] R. Ramachandran, C.D. Immanuel, F. Stepanek, J.D. Litster, F.J. Doyle, A mechanistic
model for breakage in population balances of granulation: Theoretical kernel development
and experimental validation, Chem. Eng. Res. Des. 87 (2009) 598–614.
[80] J.D. Pandya, L.A. Spielman, Floc breakage in agitated suspensions: Effect of agitation rate,
Chem. Eng. Sci. 38 (1983) 1983–1992.
[81] R.B. Diemer, J.H. Olson, A moment methodology for coagulation and breakage problems:
Part 2 moment models and distribution reconstruction, Chem. Eng. Sci. 57 (2010) 2211–
2228.
[82] P.J. Hill, K.M. Ng, New discretization procedure for the breakage equation, AIChE J. 41
(1995) 1204–1216.
[83] M. Kostoglou, A.J. Karabelas, Theoretical analysis of the steady state particle size
distribution in limited breakage processes, J. Phys. A. Math. Gen. 31 (1998) 8905–8921.
[84] M. Kostoglou, Exact self-similar solutions to the fragemntation equation with
homogeneous discrete kernel, J. Phys. 320 (2003) 84–96.
[85] M. Ghadiri, Z. Zhang, Impact attrition of particulate solids. Part 1: A theoretical model of
chipping, Chem. Eng. Sci. 57 (2002) 3659–3669.
[86] L. Vogel, W. Peukert, From single particle impact behaviour to modelling of impact mills,
Chem. Eng. Sci. 60 (2005) 5164–5176.

141
[87] R.D. Vigil, R.M. Ziff, On the stability of coagulation—fragmentation population balances,
J. Colloid Interface Sci. 133 (1989) 257–264.
[88] L. Austin, K. Shoji, V. Bhatia, V. Jindal, K. Savage, R. Klimpel, Some Results on the
Description of Size Reduction as a Rate Process in Various Mills, Ind. Eng. Chem.
Process Des. Dev. 15 (1976) 187–196.
[89] M. Kostoglou, S. Dovas, A.J. Karabelas, On the steady-state size distribution of
dispersions in breakage processes, Chem. Eng. Sci. 52 (1997) 1285–1299.
[90] S.U. Pradhan, M. Sen, J. Li, J.D. Litster, C.R. Wassgren, Granule breakage in twin screw
granulation: Effect of material properties and screw element geometry, Powder Technol.
315 (2017) 290–299.
[91] M.R. Thompson, Twin screw granulation – review of current progress, Drug Dev. Ind.
Pharm. 41 (2015) 1223–1231.
[92] D. Pohlman, Multi-Scale Modeling of High-Shear Granulation Systems, J. Chem. Inf.
Model. (2015) 192.
[93] R.M. Smith, Wet Granule Breakage in High Shear Mixer Graunlators, (PhD Thesis),
University of Queensland, UQ eSpace (2007).
[94] N. Willecke, A. Szepes, M. Wunderlich, J.P. Remon, C. Vervaet, T. De Beer, Identifying
overarching excipient properties towards an in-depth understanding of process and
product performance for continuous twin-screw wet granulation, Int. J. Pharm. 522 (2017)
234–247.
[95] S.H. Yalkowsky, Y. He, Handbook of Aqueous Solubility Data, CRC Press, 2003.
[96] R.A. Granberg, A.C. Rasmuson, Solubility of Paracetamol in Pure Solvents, J. Chem. Eng.
Data. 44 (1999) 1391–1395.
[97] R.M. Smith, L.X. Liu, J.D. Litster, Breakage of drop nucleated granules in a breakage
only high shear mixer, Chem. Eng. Sci. 65 (2010) 5651–5657.
[98] L.X. Liu, R. Smith, J.D. Litster, Wet granule breakage in a breakage only high-hear mixer:
Effect of formulation properties on breakage behaviour, Powder Technol. 189 (2009)
158–164.
[99] A.L.H. Tran, Powder Flow In Vertical High Shear Mixer Granulators, (PhD Thesis), The
University of Queensland, UQ eSpace (2015).
[100] D. Schulze, Flow properties of bulk solids, in: Powders and Bulk Solids, Springer, 2008.

142
[101] M. De Matas, H.G.M. Edwards, E.E. Lawson, L. Shields, P. York, FT-Raman
spectroscopic investigation of a pseudopolymorphic transition in caffeine hydrate, J. Mol.
Struct. 440 (1998) 97–104.
[102] D. Djuric, B. Van Melkebeke, P. Kleinebudde, J.P. Remon, C. Vervaet, Comparison of
two twin-screw extruders for continuous granulation, Eur. J. Pharm. Biopharm. 71 (2009)
155–160.

143

VITA

Shankali U. Pradhan obtained her Bachelor of Chemical Engineering degree from Institute of
Chemical Technology, Mumbai in December 2012. She obtained a Master of Science in
Chemical Engineering degree from Purdue University, USA in May, 2015 with a thesis titled
“Propane Dehydrogenation on Single Site Gallium on Silica Catalyst”. She is co-advised by Prof.
Jim Litster and Prof. Carl Wassgren and is expected to receive a PhD in Chemical Engineering
degree in December 2017. Her work focused on continuous wet granulation was funded by
Johnson and Johnson Inc. USA, AstraZeneca Ltd. UK, and National Science Foundation, USA.

144

PUBLICATIONS

 S. U. Pradhan, M. Sen, J. Li, J. Litster, C. Wassgren,

“Breakage in Twin Screw

Granulation: Effect of Granule Strength and Screw Element Geometry”, Powder Technol.,
315 (2017), 290-299
 S. U. Pradhan, Y. Zhang, J. Li, J.D. Litster, C. Wassgren, “Tailored Granule Properties
Using 3D Printed Screw Geometries in Twin Screw Granulation”, invited article under
review to Powder Technology
 S. U. Pradhan, M. Sen, J. Li, I. Gabbott, G. Reynolds, J. Litster, C. Wassgren,
“Characteristics of Multi-Component Formulation Granules Formed using Distributive
Mixing Elements in Twin Screw Granulation”, submitted to International Journal of
Pharmaceutics
 S. U. Pradhan, J. Li, J.D. Litster, C. Wassgren, “Granule Breakage in Twin Screw
Granulation: Effect of Process Parameters and Breakage Model Development”, in
preparation
 J. Li, S. U. Pradhan, J.D. Litster, C. Wassgren, “Granule Transformation along a Twin
Screw Granulator: Effects from Conveying, Kneading, and Distributive Mixing Elements”,
in preparation
 W. Meng, L. Kotamarthy, S. Panikar, M. Sen, S. U. Pradhan, M. Marc, J. D. Litster, F. J.
Muzzio, R. Ramachandran, “Statistical Analysis and Comparison of a Continuous High
Shear Granulator with a Twin Screw Granulator”, International Journal of Pharmaceutics,
513 (2016), 357-375

